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ABSTRACT 
The transient electric birefringence method, i. e. the 
transient Kerr effect, has been employed to study the optical, 
electrical and geometrical properties of three macromolecular 
systems. An apparatus is described in which the birefringence 
could be measured when d. c. electric field pulses (of duration 
1pA, s to 5s and strength up to 50 KV/cm) and a. c. electric 
field pulses (of duration greater than 5 ms, of frequency up 
to 20 kHz, and strength up to 3 KV/Cm) were applied to 
solutions of macromolecules. 
Both the linear and cluadratic optical systems have been 
employed to measure the induced birefringence. A theoretical 
analysis and review of the errors implicit in such measurements 
is given, with suggested alignment and calibration procedures. 
For the first time in electro-optie work, a data- 
logging system and computer program have been developed and 
employed, and enabled the automatic recording of transient 
responses with subse4juent high speed data analysis. 
Measurements have been made on a polypeptide poly - 
benzyl -1- aspartate in two solvents. These show how the 
method can be used to study a rigid macromolecule. 
A novel investigation was made on the interaction of an 
anionic surfactant, sodium dodecyl sulphate, with a flexible 
polymer, polyvinylpyrrolidone. The large variation of Kerr 
constant observed with addition of surfactant indicated a 
great potential use of this method for studying polymer 
surfactant interactions. 
04 
An aqjueous suspension of the bacteria E. coli was also 
studied, but changes in tiLrýLdtltj and not birefringence were 
the origin of the observed effects. Novel practical methods 
of investigation, and turbidity calculations carried out 
with the aid of a computer enabled size parameters and 
electrical properties to be determined for E. coli. For the 
first time such results were in agreement with electro-optic 
light scattering measurements. 
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CHAPPER I 
Iransient electric birefringence of macromolecular syst=a.; 
.Lp. 
ýysical inte;:, nretation and historical bac ground. 
The optical behaviour of some materials can be altered 
if they are subjected to an electric field. If transient 
electric fields are applied then the rate of change of the 
optical effect can be observed. Transient electro-optic 
methods can therefore allow the electrical, optical and 
geometrical properties of macromolecules in solution to be 
simultaneously determined. Of such methods, transient 
electric birefringence, i. e. the Kerr effect, is the longest 
established, most understood and generally most applicable 
and sensitive method. 
It was John Kerr who in 1875(l) discovered that a 
normally isotropic system such as a glass or a liquid would 
become doubly refracting when placed in an electric field. 
For instance in the absence of an electric field both the 
solute and the solvent molecules in a solution are randomly 
orientated by virtue of Brownian motion. On application of 
a uniform electric field electrically assymmetric molecules 
will become partially orientated with respect to the field 
direction. If the individual molecules are optically 
assymmetric or even if the molecules only 
have an elongated 
shape, the solution itself may become doubly refracting. 
Moreover because the molecules are randomly distributed about 
the field direction and not along it, the solution acts as 
a uniaxial birefringent medium with 
its optic axis in the 
2 
field direction. 
Molecules have generally a permanent dipole moment and 
an anisotropy of polarisation which gives rise to a dipole 
moment in an electric field. Both the permanent and induced 
electric dipole moments of a molecule generally increase with 
the size of the molecule. Correspondingly, the contribution 
to the total birefringence of the solution is much greater 
for the large macromolecules than for the small solvent 
molecules. This does not mean that the effect of the solvent 
I can at all times be neglected but rather that small concen- 
trations of solute macromolecules can be studied. 
The actual quantity called the birefringence, a n, is 
given by 
t, n= njL 
where n,,, and n. L are the refractive 
LrULLceSof the medium as 
measured for light polarised with its electric vector parallel 
and perpendicular respectively to the field direction on 
which it is incident normally. 
Kerr dLscovered that it was related to the electric field 
strength, E, at low values by the relation 
&n= BAE 
where A is the vavelength of the incident light in vacuo. 
The Kerr constant, B,, is a product of the optical 
anisotropy factor and a term involving the values of the 
permanent dipole moment and electrical polarisability of the 
molecule. The magnitude of the Kerr constant can therefore 
4e 
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only be used to determine the optical anisotropy factor if 
the electrical term has been determined using other methods 
such as dielectric tecliniques. Correspondingly the magnitude 
of the electrical term can be determined only if methods such 
as flow birefringence or depolarisation of scattered light 
have furnished a value for the optical anisotropy factor. 
However the saturation of birefringence with increasing 
field st trength can be used to separately determine both terms. 
This is true even if full orientdion of the macromolecules, 
where the magnitude oL the birefringence is solely dependent 
A UM 
on Optical anisotropy factor, has not been reached. This 
method has been used in the present work on a polypeptide in 
Chapter 
Prior to 1950 (293) continuous d. c. electric fields were 
almost always employed with optical arrangements which could 
be manually adjusted to compensate for and hence measure the 
steady induced birefringence. By far the largest amount of 
measurements were performed on gases and liquidsý4) 
However for work on highly conducting systems, such as colloids 
and viruses in acipeous solution, alternating fields were 
used. The results obtained were, to a large part, uninterpret- 
able, but at least relaxation effects could be observed and 
information gained about particle size, as this important 
molecular parameter is related to the rate of orientation 
of a molecule in a viscous medium, 
About 1950 two sets of workers(516) began to orientate 
A(%'QcL 
molecules with single shot pulses of d. c. voltage of 
sufficient time duration for the birefringence to reach its 
4 
steady state value. The geometrical properties of the 
macromolecules could be determined from the rate of decay 
of birefringence after the termination of the pulse. It was 
this latter feature which proved to be a great advance for 
the method. To observe the accompanying rapid changes in 
birefringence, two optical systems were and have been employed 
with a photoelectric detecting system. i. in aspect of the 
present work, which is described in Chapter 3, has been to 
determine the errors introduced by misalignment of the 
optical systems and hence to give simple but accurate 
alignment procedures. By the nature of the method data can 
be quickly amassed. Previous methods of analysis have been 
laboriously slow but in the present work data-logging 
ealuin: nen't and computer analysi. -ý have meant rapid 
interpretation 
of results, as shown in Chapter 4. 
In the past the transient birefringence method has 
been successfully employed on a large number of macro- 
molecular systems 
ý718,9) One important class of system which 
has so far received very poor attention by workers in this 
field is the interaction of surfactants with macromolecules. 
Work on such a system is reported in Chapter 6 and demonstrates 
a great potential use of the method. 
(9) 
Changes in other optical properties such as absorption, 
optical activity(10) depolarisation of fluorescence 
(11) 
99 
and light scattering 
(12) 
may all occur when the molecules 
orientate in the applied field. When they do some correction 
should be applied to the birefringence results. 
One material 
5 
studied herein was a suspension of the bacteria Z.. coli. 
It is shown that in this case the ainount of light scattered 
accounts for the observed effects. The work in Chapter 7 des- 
cribes practical methods and . -,, theoretical analysis which 
allow useful information to be obtained in such a situation. 
Throughout this thesis c. g. s. units are used in accord 
with the common ýractice in electro-optic studies. To 
comply with the current desire for rationalisation a 
conversion table to S. I. units is presented in Appendix 2. 
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A resum6 of Kerr effect theory as-qpplied to 
macromolecular solutions. 
Introduction 
This chapter introduces the theory and equations 
relevant to the experimental observations described later. 
,, &ere suitable equations do not exist a brief outline of the 
present state of the theory is given. 
Experimental quantities. 
The birefringence of a solution, a n,, is related to the 
observed phase difference via the relationship 
*\ 4f (1) 
27t 1 
where ok is the wavelength IN VACUO 
and 3. is the path length in the medium. 
The Kerr constant, B, is given by 
B lim _an 
lim 
-6 (2) 
E-00 XE E at 02 7% IE2 
where E is the applied field strength. 
For solutions it is usual to employ the specific Kerr 
constant, Kp - 
Ksp Bsolute lim ( cr Zý E-to 2RIE2C 
8 
where Bsolute is determined from the equation 
B solution =B solvent +B solute (4) 
Theories however require the value of K at infinite dilution, 
i. e. the intrinsic Kerr constant, (KI 
, 
to be determined, 
lim (K sp) 
C-t 0 
(5) 
where C is the concentration of solute expressed in gms. per 
c. c. of solution. Concentration expressed as a percentage 
in this thesis i. --, given by 
weight of solute in gms. 
_ x 100 
volume of solvent in ecs. 
and is, to a first approximation, epal to C. 
. 
2heory for rigid insulating 2articles in a non-cond 
medium. 
Consider primarily the following: 
1) Molecules whose electrical and optical axes coincide, 
which have axial symmetry (see Fig. 1) and whose largest 
dimension is smaller than the wavelength of light,, 
A solution which is dilute and monodisperse, 
(6) 
The birefringence of an ordered array of molecules In 
solution as determined by Peterlin and Stuart(') is 
a 
2 rt (gl - 92) 
n 
(7) 
where 7ý is the partial specific volume of the macromolecules, 
1) 
n is the refractive index of the unorientated 
solution, 
(61 - 62) is the optical anisotropy factor 
and 
-f 
is the orientation function. 
Now g, - 62 can be the resultant of two contributions. The 
first ariseý-, from the intrinsic anisotropy of the molecules' 
optical structure. The second, giving rise to form 
birefringence, is due to the difference in refractive index 
of solvent and solute. If such a difference does not exist, 
then g, - 92 is entirely dependent on the initial factor. 
The validity of the standard calculations of the intrinsic 
birefringence and the form birefringence using equations 
derived by Peterlin(l) and Wiener 
(2) 
respectively is in 
some doubtý3'14) 
The orientation function is a result of the interaction 
of the applied electric field and the electrically anisotropic 
molecules. O'Konski et Al(5) have determined its value at 
arbitrary field strength for molecules having a permanent 
moment coincident with the symmetry axis. 
At low fields, they showed that 
1 (b' 2+ 2c)E 2 
with bý t-L I Ik T f4 B 'k T 
c= (OL 2) /2 kT 
where 1,4o I is the apparent dipole moment of the macromolecule 
.n solution, and has been related to the actual dipole moment 
10 
via the internal field function B1. B, is a function of the 
shape of the molecule, as shown in ref. 11, as well as the 
dielectric constants of molecule and solvent. 
'ý11-1 -'ý14 2 is the electric polarisability of the molecule. 
It could also be written in the form a4l 1 B1 - C4 21 B2 where 
OL I refers to the actual intrinsic polarisability of the 
molecular material. The factors B again take account of 
the ac4tj-ual internal field acting on the molecule. 
-ical polarisability It can be noted that g, - 92 is the opli 
per unit volume and is dimensionless. Correspondingly g, - 62 
is dependent on the internal field functions, as defined at 
optical frequenciesl and is likewise dependent on the shape 
of the molecule., 
The intrinsic Kerr constant is therefore given by 
Kj 2 71 
7: ý 
- 15 
- 62) (b o2 +2 
For arbitrarI17 high fields the complex algebraic result was 
presented in a graphical form. This allows (g, - 92)'t'" 
and '1141 - 042 to be separately determined 
ý6) 
In practice, an experimental graph of 
(j /2ý/( 9 /E2) E -* 0v 
log E2 
is compared with theoretical graphs(? 
) 
of 
15 f (13 , IK )/ (p 
2+ 216 )v log (15 2 
where A=bIE and 'd =c E2 9 
in order to obtain the three quantities above. 
At infinitely high fields 
equals unitj such that 
än 91 - S2 
2A CV 
where Ans is the corresponding value of the birefringence. 
Conversely the graph &nv 
1/E2 
yields the value of ans 
1/-, 
4ý 
L. 
) 
on extrapolation of E- to zero. 
These equations were further extended to the case 
Oil -10ý 240 by Shah(8) and to a completely assy-imetric 
molecule having a permanent moment at any arbitrary orientation 
by 'Holcom, b and TinocoP) 
Transient electric birefringence 
Application of a rectangular field pulse results in the 
solution becoming birefringent. The magnitude of the 
birefringence rises to a steady state value during the length 
of the pulse. On removal of the applied field the birefringence 
decays to its original value of zero. 
The theory proposed by Benoit(lo) attempted to describe 
the observed transients. His assumptions regarding the 
solute molecules to be investigated were that they must be 
smaller than the wavelength of light, monodisperse, in 
dilute solution, and possess axial symmetry with electrical, 
optical and hydrodynamic axes coinciden-tAo 
For the rise of birefringence 
0 
Benoit solved the diffusion eqtuation 
12 
df ])V2 f Al 
I 
div fM 
dt kT 
where f is the angular distribution function, 
M is the torque acting on the particles 
and 1) is the rotary diffusion constant for motion of the 
symmetry axis about the transverse axis. 
at low fields in terms of a series of Legendre polynomials. 
I 
Ahe distribution function then allowed him to determine the 
optical polarisabilitY parallel and perpendicular to the f ield 
and hence the birefringence. 
For low f ields 
& n(t) exp (-2Dt) + exp (-6Dt) 
4 n(t 2(r+l) 2(r+l) 
(9) 
where r=b v2 12 c 
A n(t --woo ) is the steady state value of the birefringence. 
T: Lnoco 
(11) 
extended this equation to the case of a dipole 
moment not along the symmetry axis. The result included the 
rotary diffusion constant for rotation of the transverse 
axis about the symmetry axis. 
Nishinari and Yoshioka 
(12 ) 
have considered the rise 
process at arbitrary field strength and developed a method 
by which bI and c can be determined independently* 
For the 
The birefringence at a time t after the removal of the 
field was determined by Benoit to be 
1 
&n (L) 
&n(t=O) 
e -6Dt (10) 
A result which was valid for arbitrary field strength and 
even if a n(t -Poo ) was not attained during the pulse. For 
ellipsoidal molecules which do not possess either geometric 
symmetry or optical symmetry about axis 1, Ridgeway(T)s shown 
that the deca,, y is a function of two exponentials. 
Interpretation of D in terms of the dimen. --. )ions of the 
particles can be made if prior knowledge is available 
regarding t1he particle's shape. 
For long cylindrical rods Burgers 
(14) 
has given the 
equation 
2a) 3 kT 0-8] 
8n za3 0 
where 2a is the length of the rod, 
b is the radius of the rod ) 
and z. is the viscosity of the solvent. 
For a prolate ellipsoid, Perrin(15916 
) has given the 
expression (12) 
D 
3k T (2_p2) P2 (1_p2)ýln( 
_(, 
+(l_p2 )ý)P-')- - -P, 
16 m ab2z, 
[ 
(i -p4) 
where p=b /a 4 1- 
Comparison of rise and de2. aZ 
*f 
Watanabe has shown by integration4equ. 9 and equ. 10 that 
A -1 4r +1 11 L 
A2 r+1 
14 
-E--g ure. -1 
Ike rmocLL to w L4. k BeAoLts'. t heorj cfpLipts, r etLl-eS 
x 
3x 33s 
1) 
0 
bI. ____ I-- 
F 
/ H' 
__1 ____________ 
c/. 
-! wdL 
1I 
-. 7 
'- 
... 3 '4. -. 3 -2 -1 
Ad A, = 'A/Y 
ý A-Z)1Y A, /A, (" 
A 
ý20 
.1 is 
o 
ý2ýO 
A 
,, /A2. vc- 
Ilk 
lu 
go 
'D 
where Al 
Jýn(t 
A n(t) dt for the rise curve 
do 
and A2 &n(t) dt for the decay curve. 
0 
For positive values of r, the areas A, and A2 can easily be 
found (see Fig 2a). For negative values of r greater care 
must be taken (see Figs. 2b and 2c). Values of A, /A2 as a 
function of r can be seen in Graph 1. 
Application of A. C. pulses. 
The equations governing the form of the birefringence 
when steady state conditions are reached in a field of the 
form E=E0 sin wt have been given by Thurston et Al(17) 
and Plummer et AlS18) All the assumptions implicit in the 
determination of equ. 9 apply here. 
&na nsteady +n alternating cos(2wt - 
Considering the steady component 
a nst = (61 - 92) E2b+2c 
(14) 
15n (1 + WI/") 
I 
where w is the angular freopency of the applied field. 
The condition 
n, t(w) - &nt(w 
nst(w -*0 )-n. t(w -*oo ) 
defines the critical frequency fc = 3)/M 
1 
2 
. (15) 
The alternating component is 
422 
&n2 IV _CQ )E2 
b 
0, +2bc-+4c 
alt 15 n 
(91-92 
(1.1w,::: )(11 22 
42 
ipt. 2 +W 
DD 9D (16) 
I. 
II 
Thurston and Bowling have presented graphs of &n st/A n st 
(W-JPO) 
and 
&n 
al 
st(W.., 
/& 
n mo) as a 
function of w/6D for various 
values of b2/2c. The curve fitting technique of O'Konski 
allows values of D and b2 /2c to be determined (see 
Chapter 
Extension of the theory for the case of a non-axial 
dipole moment has not been made. 
The variation of & nst and &n alt 
before steady state 
conditions are attained has not been determined (see 
reference 19). The decay of birefringence is given by 
equation 10. 
Consider now the effects of polydispersity and flexibility 
of the particles. 
Polydispersity in particle size and hence in the magnitudes 
of 1*4 1 '41 - Of- 2 and 
D results in distortions in the rise, 
the electric field dependence(5,20) the decay and the frequency 
dispersion(17) of birefringence. It is the decay region 
I 
which has been of greatest interest. The decay curves can 
no longer be simulated by the single exponential function 
indicated in equation 10. 
Characterisation of the decay in terms of the particle 
size distribution have been made using a peeling curve 
fitting 
(21) 
and a Laplace transform 
(22) 
method. Both methods 
have been reviewed and criticised by Schweitzer and Jennings 
ý23) 
These authors suggested that the initial slope of the graph 
log & nrc) time should be used. A further average 7&nt. 0 V ý24) 
relaxation time has been suggested by Yoshioka and Watanabe 
Schweitzer and Jennings highlighted the dependence of the 
1 I) 
initial slope and hence the decay curves on the electric field 
and the actual electrical properties of the molecules, 
It is apparent that transient Kerr effect measurements 
are at present not capable of determining the complete 
distribution function of particle size. For this reason 
experimental relaxation times presented in this thesis are 
defined as the time, t. at whieh the following condition 
holds. 
a= 
tu nbr. 0 
Flexibil in the molecular structure has been included in 
a number of theories. Kerr's law has been predicted 
(25,26) 
to occur at low fields, but the value of the Kerr constant 
itself was in error. Further theories are required which 
take excluded volume effects into account. Suitable equations 
to describe the rise of the birefringence in an electric 
field do not exist. The possible description of such 
experimentally observed changes using existing theories 
applicable to rigid particles is apparently not possible 
ý27) 
The decay of the birefringence has been more widely 
studied. It is dependent not only on the rotation of the 
whole chain but also on the motion of chain segments. 
Zimm(28 
) 
analysed the motion of a random chain in terms 
of normal modes of motion, of which the first mode corresponds 
to whole chain rotation. Stockmayer and Bauer(29) extended 
his work to electric birefringence to show that the 
relaxation time of the first mode is 
T=kM [z) zo/RT 
1Y 
where k is a constant equal to 0-01 and 0-43, for a free 
draining and non free draining coil respectively, 
[7) is the intrinsic viscosity of the solution 
and M is the molecular weight of the chain. 
The rotation of the whole chain is relatively slow compared 
with the motion of individual sections of the chain. Analysis 
of the decay transient at long times thus yields the value of 
T required. 
The higher modes of motion predicted by Zimm's model 
however have little relevance to the real behaviour of the 
segments, 
The rotation of flexible molecules has been determined 
for the case of weakly bending rods and worm-like coils 
by Hearstý30) Jennings and Brown(31) have applied these 
equations with success to a birefringence study of the 
flexible helical molecules of polyisocyanates. No method 
has yet been dev. Lsed by which one can separate the effects 
of polydispersity and Alexibility when they both occur. 
Consider now the methods employed to interpret a large 
body of results(32) obtained for 
Conduct in&sý-_stems 
The mechanisms resulting in orientation of polyelectrolyte 
macromolecules Ixave been reviewed elsewhereý33934) For 
instance, 
1) Mobile charges in the bulk of the molecule may become 
polarised according to Maxwell-Wagner theorye 
2) The movement of counterions which surround the highly 
charged molecule will also result in the molecule having an 
4 )0 
induced moment. It would seem apparent that only those ions 
highly bound to the molecule will result in its physical 
orientationý 
35) 
Practically all the measurements made on conducting 
systems have been interpreted using equations specifically 
derived for insulating systems. The validity of this approach 
has been implied due to the reasonable agreement between 
results obtained f or "U 1 
ý32A) he various electro-optic methods 
Recently Hornick and Weill(36 
) have applied their experimental 
results to the critical survey of the current theories of 
bound counterion polarisation for rigid particles. Despite 
its apparent crude nature reasonable agreement was found with 
the theory of Takashimaý 
39) 
Prior to this study O'Konski and Krause(37) had presented 
a theory of the Kerr constant of rigid conducting particles. 
In addition to bulk conductivities they introduced surface 
conductivity terms to take into account the properties of the 
counter-ion cloud. The resulting expressions were of an 
extremely complex f orm. 
For the case of Tobacco I%osaic Virus simplifications 
resulted in the derivation of a theoretical value of twice 
the magnitude of the experimental Kerr constant* 
Relaxation effects of the polarising processes must also 
be taken into account in a. c. frequency dispersions(37) and 
the rise characteristics in d. c. pulsed fieldsý37) 
A further complication due to the electrophoretic 
orientation of highly charged assymmetric molecules has been 
suggested by HellerP8) No experimental results have however 
boon i. r+, ý-omretsd using such a mechanism. 
21 
Concluding remarks 
The present state of the theory of the Kerr effect has 
t4 been par ially reviewed. It i. ý apparent that the interpretation 
of the effect in ter-,,, is of the intrinsic electrical and 
optical properties of macromolecules can best be made with 
insulating systems. Quantities derived from conducting 
systems using theories applicable to insulators can only be 
classed as empirical. When, as is the usual case, 
measurements are made on polydisperse samples, the unequivocal, 
accurate interpretation of the electrical and geometrical 
properties of the sample is not possible. Furthermore the 
poor rate of adva-ncement of theories related to flexible 
molecules at present restricts the Kerr effect to almost 
only empirical observations. 
2'» 
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CHAPTER 3 
The measurement off biref ringence produced by- 
trangient electric fields,. 
Introduction 
In Chapter 1 we saw that linearly polarised light 
incident on a birefringent solution may be resolved into two 
perpendicular linear vibrations, which on passing through the 
solution become out of phase. It is this phase difference, 
4f , which is actually measured by the detecting apparatus. 
In the case where multiple reflections in the Kerr cell 
mV be disregarded the actual biref ringence of the solution 
may be determined from the expression 
tf =xn., L ) 
where 1 is the effective path length 
A is the wavelength of the light in vacuo 
n, and n., are the refractive indices of the solution 
parallel and perpendicular to the field direction, 
Prior to the use of transient electric fields visual 
methods using manual adjustment of optical components to 
compensate for the phase difference were employedý') With 
the need however to observe rapid changes in phase difference 
two systems have been most widely used. 
The first of these, depicted in Fig. 1A and commonly 
referred to as the quadratic system consists of a lens system 
producing a parallel beam of monochromatic light which 
2.6 
Ir 
%0 %K 
16. THE LINEAR SYSTEM 
, 
Fi3ure I 
Ia. THE QUADRATIC 5YSTEM 
2/ 
traverses a polariser, P, a cell, C, positioned such that the 
electric f ield makes an angle of 45 0 with the incident plane 
of polarisation, and an analyser, A, crossed with respect to 
the polariser. The light emerging from the polariser falls 
on a photomultiplier tube which produces a voltage signal 
which is displayed on an oscilloscope trace. Light intensity 
changes which occur on application of the field pulse are 
approximately dependent on the square of the phase difference 
produced 
ý2) 
An alternative arrangement,, the linear system,, is shown in 
Fig. It differs from the quadratic arrangement only in 
that a quarter-wave plate, Q, is inserted between the cell 
and analyser, with its fast or slow axis parallel to the 
initial plane of polarisation. The analyser is now of f set 
from the crossed position such that light constantly reaches 
the photomultiplier. The magnitude of an intensity pulse 
is approximately linearly related to the phase difference 
produced 
ý2 ) 
This arrangement is therefore sensitive to 
changes in sign of n. - 
The choice of system to be used is dependent on the 
relative impc)rtance of three major factors: 
a) the distortion of the light pulse by incorrect settings of 
the optical components or the existence of stray phase 
differences, etc. 
b) distortion8 introduced by the finite bandwidth of the 
detecting system, and 
c) the sensitivity of the detection system to small changes in 
light intensity, 
28 
The two last mentioned effects have been reviewed 
in two papersý 
21 1) ) The optical systems, however, do not 
appear to have been reviewed critically. For instance, 
various papers give some in cation of the tolerances 
required for some of the component settinr, )), -)ý 
495,6) 
In 
continuous field work much effort was used to reduce the 
effects of stray phase differencesP) In tran-Aent work 
however the magnitude of the effects has often been said to 
be sm. -, dl, and has then been simply neglected. For typical 
Kerr cells employed this is not the case, but only a few 
authors attempt to take into account this distorting influence, 
by theoretical(5) and practical meansý7912) In fact a 
general poor understanding of the systems has led to 
unnecessary degrees of accuracy in setting up the components, 
in the use of white light and less than efficient use of 
calibration procedures. 
It is the purpose of this chapter therefore to provide 
the necessary theory for determining the behaviour of both 
quadratic and linear systems. The relative importance of 
individual errors will be discussed so that each arrangement 
can be aligned and accurately calibrated. A review of the 
detection system characteristics will then be given so that the 
factors governing the choice of system will be complete. 
Theory 
The optical behaviour of the linear and quadratic systems 
can be determined in terms of the quantities defined in the 
legend of Fig. 2o 
The method employed by the author to determine the 
29 
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intensity of light reaching the photomultiplier is analogous 
to that derived by Jones 
ý8,9) 
Several assumptions are made which are of practical 
importance: 
(1) The light beam is monochromatic and parallel. 
(2) Both analyser and polariser behave perfectly. 
(3) The phase plates, i. e. the cell and quarter wave plate, 
are free from effects due to multiple reflections and are 
positioned such that their optical axes are vertical to the 
light beam. 
(4;, -) Dichroism and Optical Activity are not present in the 
system. 
Light leaving th olariser can be resolved into two 
perpendicula-r vibrations: 
sin(Wt) 
001 
where E is in the plane of vibration of the polariser 
and A2 is the intensity of light incident on the Kerr cell. 
The Kerr cell when containing a birefringent medium acts 
as a uniaxial, crystal with its optic axis parallel to the 
field direction. A transformation of coordinates allows one 
to describe the light leaving the polariser in terms of 
components E and 01 parallel and perpendicular to the 
electric field. In matrix notation therefore 
Cos 0- sin * [A sin wt 
sin Cos 00 
Ec0s9 sin (wt) 
of A sin 9 sin (wt)] 
The effect of the birefringent sample is to produce a 
phase difference between the two components. This is 
designated as which is equal to or if., -I# 0 
The state of polarisation of the light leaving the cell 
has the description 
Cos (wt 
[A 
sin 19 sin (wt) 
This is now incident on the quarter-wave plate, and a 
further transformation into the fast and slow axes of the 
plate is required. 
0 
v0 
j 
of 
COS sin A cos e sin (wt- 
10 1 
sin COS (e 
][A 
sine sin (wt) 
Using the principle of superposition of waves 
sin (wt - W) 
[o 
#I 
I[ 
sin (wt - Z)j 
where 
B= (b, 2+ b2 
2+ 2blb2 COS S 
c= (c 12+ C2 
2+ 2c, C2 Cos 
W= tan -b2 _ 
inC 
b, + b2 COSj 
Z= tan -c 2 _sinS 
Cl + C2 COS4 
b, =A cos 9 Cos (a - m) b2 = A sine 
cl = -Acose sin (9 -m. ) C2 = A sine 
sin (e - ec) 
Cos (40 -4A-) 
The quarter-wave plate int -roduces a phase difference of 
iý, * between the two components and is of positive magnitude 
if the slow axis corresponds to the axis shown in Fig. 2. 
The transformation of the resulting state of polarisation 
into the axes of the analyser allows one to determine the 
component in the plane of vibration of the analyser E*#'## * 
E "t Cos * -13 ) sin (at -p)B sin(wt -W 
a 44 + 101[ 
-sin (at -, & ) cos (ak -p )l 
[C 
sin (wt) 
I 
D sin (wt 
E sin (wt) 
The light intensity reaching the photomultiplier, I, is 
therefore 
I=D2=B2 COS 
2 (CK - jS )+C2 sin 
2 (%t - )B )+ 2BC co s (ve -A) 
sin(4K -p ) cos(-W - cto + Z) 
Equation (1) can be reduced to very simple forms commonly 
used in 
The linear system characterised by the values 
e= 45 09 oc =00 It 
A= 90 - )c 9 
(1) 
22b22 
2) + 0* 5 sin2X sin 
S (Cos X sin N /b2) + sin )C cos ( 
J/ 
aL sinS 
(2) 
f or Sq4 =' 7r 12 
10 sin 
2 (-4+ S/2) (3) 
The change in light intensity, &Iq on production of a phase 
difference in the Kerr cell is therefore 
-/7 
3J 
&I = Io[sin 
2(X 
+ 
; /2) - sin 
2 (. X )] 
By suitable choice of such that + 
'/2 
and 
are both small, and . 
X, 4; 
equation (4) takes the form of a simple linear relationship. 
aI 4-c io xs 
The sign of &I depends on that of and 
The guadratic system 
requires the removal of the aluarter-wave plate such that 
Sqk 
=0 and at = 0. 
00 
Setting 45, 
is = 
909 
10 sin 
2 (1/2) (6) 
which is also eclual to the change in intensity which occurs. 
For small values of S equation (6) is approximately a simple 
ouadratic relationship M7- 
&I =I 
S2 14 
The calibration procedure 
is performed so that 10 may be determined. 
For both systems the analyser is rotated from the 
crossed position. 
Provided that 
S- 
at 
= 
the intensity of light reaching the photomultiplier is 
i= 10 sin 
2x 
The slope of a graph of Iv sin 
2)C 
yields the value of I00 
31 
Error An 
The procedure outlined in the section above has been 
simulated in a computer program written by the author. Any 
number of componentsq introducing any desired phase difference 
and at any arbitrary orientation, may be tested. 
The program determines the cbnge in intensity of the 
light reaching the photomultiplier when a known phase 
difference is introduced into a system which is incorrectly 
aligned. 
The value of S then determined using the exact 
expressions (4) and (6) or the approximations (5) and (7) 
will be in error. The magnitude of this error, A %, given by 
S(ACTU 
cf(CALCULATED) x 100 
46(ACTUAL) 
I 
and the distortion introduced in the alignment form the 
output of the program. A similar procedure enables the 
errors in the value of 10 to be determined. The importance 
of any distorting influence can then be ascertained. 
Results of Error-Analysis 
Errors resulting from the misalignment of the optical 
systems will be additional to errors introduced by the 
display system and measurement methods. Consideration of 
thgfnagnitude of the latter's errors allows one to ascertain 
when the former errors can be neglected. 
A typical transient display system(3) allows the 
measurement of the phase difference at the maximum height of 
Li 
a noiseless pulse to be ascertained within an error of 3% 
and '? % for quadratic and linear detection respectively. 
The accuracy in determining the shape of a light pulse 
is however to a large extent a function of the error 
involved in measuring the height along the pulse relative to 
that at its maximum height. This is primarily dependent on 
the amount of noise present on the pulse. For a noiseless 
pulse,, relaxation times can be measured to within 4% 
accuracyý3) 
Errors in the absolute magnitude of phase difference 
and distortions in the pulse shape may both occur if the 
systems are incorrectly adjusted. 
It is the purpose of this discussion to indicate the 
errors involved in the absolute measurement of phasediffecefte. 
Factors wbLich introduce errors dependent on the magnitude of4f 
will distort the pulse shape. Due to the complexity 
in determining the errors which will result in the measurement 
of relaxation times only occasional examples will be given. 
In a practical context, the range of values of 
observed is typically 4x 10-5 to 0-5 Radians, and an 
additional error in 
S of the order of 1% due to errors in 
aligning the system is negligible. 
Consider therefore the errors evaluated for 
the quadratic system. 
(A) 2he validity of the Quadratic approximation, is illustrated 
in Graph 1. For values of of as high as 0-5 radians, less 
than 1% error is introduced. Above 0-5 the error increases 
c ý- 
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rapidly and in such circumstances the exact expression 
. 
should be employed. 
x sin -1 ( (6, /Io)i) 
(B) Component misal gnmený und : idsuse, 
(i) The Kerr cell offset from its 450 orientation by ±40 
introduces an additional error of 1% (see ýýraph 1). 
(9) 
(ii) The analyser offset from the crossed position by less 
than 30 introduces less than 1% error. Signal to noise 
considerations (see paje Sq 
of the lighLl. to be made. 
) however require good extinction 
(iii) In practice the quarter-wave plate should always be 
removed for quadratic measurements to be made. This fact is 
not always explicitly Stated and indeed it may appear to be 
necessary for the calibiýation procedure to be perforr. edý3) 
Although e(juation 6 holds If w. =0, small errors in 
at will introduce extremely large errors in 
S. E. g. for 
01- = 0-05 
0 the errors for S- 10- 
11 10-2 9 10 
-3, are 
20%, 100% respectively. 
(C) Stray phase differences are the most important di., -, tortion 
to be eliminated and arise in two ways. 
Surface defects in prism polarisers give rise to 
polaxised light slightly elliptical in nature. Ouch a '3 
polariser may betieated as a perfect polariser in series with 
a phase plate, whose fast axis is inclined at 45 0 to the 
vibration axis of the polariser. The magnitude of the phase 
difference so introduced at a wavelength of 546 nm varies 
from 2x 10,4 to as high as 2x 10-3 for typical 
73 
j, 
Glan-Thompson polarisers. 
The Kerr cell end windows also introduce stray phase 
differences owing to the residu, -il strain in the optical 
material itself, and to a greater degree in the method of 
construction of the cell. This phase difference has a 
magnitude of the order of 3x 10-3 for a wood cell(") but 
may easily be 3x 10- 
2 for a poorer one 
ý12) 
0 
In order to deteri:., ine the effect of a single phase plate 
in series with the Kerr cell, Graph 2 was constructed. It can 
be deduced that to reduce the level of error to less than 1% 
two courses of action are possible. 
(i) The --, agnitude of the stray phase difference, cr STRAY? Mu5t 
be reduced to less than 1% of that being measured, 4 . 
(ii) The optic axis of the phase plate is rotated so that it 
lies parallel or perpendicular to the vibration direction of 
the polaxiser. 
In practice one is dealing with a series of phase plates 
representing the polariser, both windows of the cell and the 
sample itselfP3) Graph 2 however gives a very good 
indication of the required practical procedure to eliminate 
the effect of stray phase differences. 
The magnitude of 4T STRAY 
in an experimental arrangement 
must be less than Ix 10-4 for it to be classed as negligible, 
in most practical circumstances. As shown above, this value 
is much smaller than that normally encountered, where recourse 
must be made to the second approach, 
Graph 2 shows that rotation of a phase plate of 5x 10- 
to an angle within 20 of the parallel position would reduce 
5c) 
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its effect to that of a phase plate of 5x 10-4 in series 
with the cell. 
In order to determine if the rotation procedure is 
necessary, and to carry out the procedure effectively, the 
following course of action is suggested. In an initial 
experiment, place the cell between crossed polarisers and 
rotate both polariser and analyser simultaneously about the 
axis of the system. 
The intensity of light transmitted by the analyser should 
take the form 
I= 10 sin2 2 If sin 
2(S STRAY 
2 
(10) 
where If is the angle of rotation 
and I is the light intensity transmitted as a result of 
the inclusion of the Kerr cell, and not to stray light 
reaching the photomultiplier, from which a value of cr STRAY 
can be determined. If the resulting Graph of Iv J( is 
not of this form then the cell does not act as a phase plate. 
I 
-he value 
f 4V 
of J STRAY is considered unduly large the 
following procedure can be carried out with a cell having 
windows which may be rotated independently of the cell body. 
The quadratic system is aligned accurately and one 
window of the cell is removed. The remaining window is 
rotated such that a minimum in I is obtained. The second 
window is now added and rotated such that a minimum is again 
obtained. This situation has not necessarily eliminated 
S 
STRAY" If the value of 
4 
STRAY introduced 
by the polariser 
is larger than the sum of the magnitudes of 
'STRAY of each 
41 
window, a minimum can be obtaýned but a large value of 4rSTRAY 
may still exist. 
It should be noted that due to the very small changes in 
intensity which have to be measured the bandwidth of the 
detecting system should be adjusted to a low value as shown 
later in this chapter. 
If the value and effect of S STRAY cannot still be 
neglected the following allowance should be made once the 
Kerr cell has been ascertained to act as a phase plate. 
The value of the strav phase difference which should be allowed V 
for is not that given by equation (10), but as follows 
stray =2 sin-'( 
I)i 
effective Io 
(1 OA) 
where I is the value of light intensity transmitted when 
the system is aligned correctly and an allowance has 
oeen made for stray light reaching the photomultiplier. 
A simple extension of equation 
stmy (10B) 
-TO 
effective 
will yield the correct value of if the sign of I stray 
effective 
has been determined correctly (see Chapter 4). 
An allowance for the effect of I STRAY by a further 
theoretical means was attempted by Orrtung and Meyersý5) 
The iterative procedure suggested was simulated in a program 
written by the author. Their own work, howeverg shows the 
relevance of the approach. From measurements of S in the 
range 1 to 4x 10ý2 they were able to determine a value of 
'1? 
-3 JSTRAY of 3x 10 within an error of + 50, ', ). The effect 
Of JSTRAY was therefor reduced by a factor of three. 
The method is however not universally applicable, as it 
relies on an a priori knowledge of the dependence of J on 
the electric field. This approach also does nothing to 
reduce the level of the stray light reaching the photomultiplier. 
Distortion in the shape of the decay transient will 
occur due to the presence of cf., -', TRAY* 
Consider a system 
which is stray free and in which the phase difference 
produced in the cell decays according to the equation 
4 
(t) =S t=o e- 
t/. r 
Assuming the quadratic approxi-nation holds, it follows 
that the corresponding changes in intensity are governed 
. Luation 
by the ec 
& I(t) & I(t=O) e -2t/T 
of -2 
A. plot of ln (&I(t=o)) vt therefore has a slope 
T 
However in the presence of strays 
AIM e-2t +W e-t/-r I+ W) 
AI(t=O) 
T 
where W 241 STRAY 
.; (t=o) 
and for W"1 
=t 
/Ir 
t17 tJ 
The value of T determined from the log plot will be in error 
by 100%. For intermediate values of W the observed behaviour 
of the particles in the cell will be described by two 
relaxation times. In such cases -therefore it is important 
to make the proposed correction for JSTRAY when analysing 
the decay transient. 
(D) The quadratic calibration procedure has the primary 
objective of determining 10 but it is also employed to test 
the linear behaviour of the photomultiplier tube. However, 
non-linearity of the slope of the graph of Iv sin 
2X 
might 
also be indicative of distortions in the optical arrangement. 
In order to detect this type of distortion a plot of 
Iv sin 
2X 
must be made for positive and negative values 
of X. 
The only optical distortion we need consider is that 
due to stray phase differences. 
It can be 8hown that 
I- I- sin 4 co. sin 2 I-xj sin 
2 SSTRAY 
+2 
sin2( ly. 1 ) sin 
2( IXI ) 
where I+ (I-) is the value of intensity for X positive (negative) 
and cit. is that previously defined. 
For cm. =0 and 450 no differenoe in the two plots can occur. 
For ce. a 221 the plots are at their greatest separation. 
Only values of CV stray greater 
than 5x 10.2 introduce 
significant differentiation of the two slopes. Such values 
of S stray are not normally encounterede 
41 
Observation of the difference in slopes and the 
accuracy with which 10 can be mei. -, ur-ed is dependent on 
the accuracy with which A can be deter, ninedo Io must be 
determined to within t 21, i. e. for vilues of X UP to 50 
0 the analyser must be adjustable to better than 0-05 
Such an error in 10 will introduce a 1% error for values 
of C in the quadratic region,, but , -1 10% uncertainty ., iill 
occur for values of cr equal to W. 
The Quadratic Alignment Procedure suggested by the error C. ) 
analysis above is therefore as follo,.,., s: 
1) Adjust the sensitivity of the detection system to a high 
value. 
2) In a separ, -. te experiment 
determine the magnitude -,, rid 
orientation of the stray pnase difference of the cell. 
Now cross the polariser and --ýnalyser zi: -ý accurately as 
-jossible. 
4) Include the Kerr cell such that the field direction is at 
450 ' 20 to the vibrLition direction of the polwiser. 
If it is necessary, rot--ite the cell wýndows. 
Adjust the detection system so that transient light 
pulses can be observed without di-, tortion. 
Carry out the calibration procedure, determining 10 to 
2% accuracy, 
For phase differences below 0-5, the quadratic approx- 
imation may be used. 
For noiseless transients, values of 
9 
greater than 
1 ': 
100 times the remaining effective stray phase difference can 
now be measured to ±1% accuracy if el < 0-5* 
It should be noted that the system has been aligned 
such that the error in AI/Io is of the order of 2%. The 
corresponding error for values of 
S 
approaching IT is 
however 10%o 
Consider now the results of the error analysis for 
The Linear System 
The validity of the_approximation to linear behaviour is 
illustrated in Graph 
Typical values of X from 0 to ± 12 0 and phase differences 
of 1x 10 -4 to Ix 10- 
2 have been chosen. 
The complex nature of the curves is due to the 
inapplicability of the approximat4. ons sin 
2 (-X' J/2)-2 (-"C' S/2) 2 
at high, and X >ýO S at low values of 
The correct choice of X can be made from this graph. 
Primarily, for positive values of S, the resulting 
error can only be zero for positive values of. X and vice 
versa for negative values of ef . In either case this 
corresponds to a system in which a positive change in intensity 
occurs on production of the phase difference. 
Therefore for values of 
S 
up to +1x 10-2 1X=+70 
may be employed. Above 1x 10-2 the magnitude of the 
required angle increases rapidly. 
The exact relationship used-to determine is given in 
the calibration procedure. 
It can be shown in a manner eauivalent to that primarily 
LL 
\ Lo Lu Oz U--j cli L0 
LU 
C-4 (ý < iz -j 
-% 6b IF) 
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v4 
All ýC-i 
t 
r7ý: - am -. ý 
given that if the linear approximation holds, the slope of 
the logarithmic decay plot is given by 
ln AIýt) ) _or_i dt Abi(t mo) 
however, the approximation i, -l used in situations where 
it is not valid, then at worst the slope will be -2T -1 and 
for intermediary cases two relaxation times will simulate 
the observed trace. This observation is a limiting factor 
in the use of some electronic decay simulators 
ý14) 
(B) component I-lisalign=nt 
(i) The cell misaligned by 40 introduces an additional error 
of 1 %. 
(ii) The analyser should be capable of beirii3 set to better 
00 
than 2%, i. e. for 7+ 0-1 
(iii) The quarter-wave plate can be mis-ligned or can 
ntroduce a phase difference other than 7V2. 
The initial f actor is of more importance. Consider the 
02 system with X=7 and 
J'< 1xIO- . For an error of 
± 0.10 in the aligmment of the plate an additional 2% error 
is introduced in the measurement of 
S* 
An error of 50 in the quarter-wave plate phase difference 
will introduce less than 1% error. 
CC) Stray_phase differencez. Table I illustrates that the 
errors introduced are much smaller than for quadratic detection* 
6 PRAY 
cr 
=- 
1073 0-3 5\-l _I ýý, 0-2 1 X1 0-, - - 5: -, l 0- -ý) -Ixlo-3 
Ix 10 0-5 2-4 4-6 -0,, 5 -2-5 -5-ml 
1x 10-2 095 2-4 11-6 -0-5 -2-5 -5-1 
TABLE *1 ', I ' Error in S due to stray in linear system. 
To construct the table the exact expression, 
equation 13, and a value of )C equal to "'ýo 
have been used. No correction was applied 
to the value of IX . 
For 106' error to occurcf, must be reduced to 
,: DTRAY 
x 10-2 .A radians. 
For example for 70,4f STRAY must 
be reduced (by rotation of the cell windows, if necessary) 
to 2x 10-3. 
(D) The linear calibration proQedure is not generally used 
to determine Io, since a sample of this, I, )& , is constantly 
transmitted by the uncrossed analyser. The phase difference 
is then determined from the exact expression 
cf -2. sin-1 ( 
4-, + 1)i sin)C] -X 
11y. 
This procedure can however be of considerable use in 
aligning the system, again requiring a plot of Iv sin2 ýY- 
to be made for either side of the crossed position* 
Graph 4 illustrates-typical plots obtained when the 
quarter-wave plate is misaligned. If a stray phase difference 
10 
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was the only distortion preoient,, curves 1 and 2 of Graph 4 
would be indicative of strays of magnitude 5x 10-3 and 
Ix 10-2 radians respectively. The average of the plots 
obtained yields a value of Io if required. The magnitude of 
the distortion which may be observed 
dependent on the accuracy with which 
For example, the bars shown on Graph 
measuring the true intensity when thi 
to ± 0-1 0 4P It can then be seen that 
equal to 3x 10-3 and a misalignment 
detected. 
by this method is 
the analyser can be set. 
4 indicate the error in 
e analyser can be set 
a value of CT STRAY 
of 0-1 0 could be 
Over the range of A indicated, little loss of linearity 
occurs for the plots so that any additional curvature can 
be attributed to the non-linear behaviour of the photo- 
multiplier tube. 
The linear alignment procedure recommended by the author is: 
1) Set the sensitivity of the detection equipment to a 
maximum. 
Cross the polariser and analyser to an accuracy better 
than 0'*05 40 
Include the quarter-wave plate and rotate f or a minimum 
in the transmitted light intensity. Accuracy is required to 
better than ± 0*05 0- 
4) Check alignment using calibration procedure. 
Include the cell and adjust to 450 position, to within ± 20. 
Carry out calibration procedure and rotate windows of cell 
if necessary. 
7) If the linear approximation is to be used: - 
For values of cell phase difference up to 1 -17 10 -2 the 
analyser should be uncrossed by 70 to an accuracy Of ±0-05 
The error in 
S 
will be ± 2ýc') from all sources. For 
values of 
S greater than 1x 10-2 the value of X should be 
carefully chosen. 
8) If the exact expreaion is used: - 
A value of ?( not less than 60 should still be employed, 
9) Adjust the detection equipment so that transient light 
pulses can be observed without further distortion, 
It should be noted that the above error analysis has 
been confined to reducing the error in AI/Io to the order 
of ± 2%. As for quadratic detection this uncertainty will 
give large errors for values of 
I 
approaching ( r%/2 -)Q? 
I) 
Validi of assLiUtions under experimental conditions 
(1) White light has often(15,16917,18 
) 
been used in transient 
work to increase the sensitivity of the apparatus (see ChQptersS&6). 
O'Konskils and Haltner's treatment(15) of white light 
used in conjunction with a monochromatic system at an effective 
wavelength, A, I appears to have been universally applied 
to both Quadratic and linear systems employing continuous or 
line light sources. The validity of the O'Konski approachq 
and the magnitude of the errors introduced have never been 
critically examined, 
Consider therefore the following analysis: - 
Assuming that birefringence is independent of wavelength 
A 
where 
ý( X) and la, (X ) are the phase differences of the 
sample and quarter-wave plate at a wavelength X 
SE is the phase difference occurring at the assumed 
equivalent wavelength XE I 
XQ is the wavelength at which the quarter-wave plate 
has a" phase difference. 1/2 
On application of an electric field to the sample the 
changes in transmitted light intensity &I Q and &IL 
for the auadratic and linear systems respectively are 
A-t 
IQ 
sI 
Al 
sin 
2( (iL1) 
7 
3-) 
AU 
IL s I(A) I cos(2X) 
At 
sin 
2()+ jsin(2X)sin( 
2 
sin( -1 
where I(. \*) is the product of the spectral response of the 
detection system and the spectral emission of the light 
source. 
To simulate the use of a continuous source 
I(*\) exp 
I-(X_ 
)ý )2', (2 e. 2) 
1 
where is the wavelength at the maximum height 
and e is the halfwidth of the gaussian distribution. 
For a line source 
I(A )=N 271 Si 2 )-1 exp X, )2 / (2 S, 2 .; F. Ai ( i=1 
I-I 
where the i 
th 
spectral line has an amplitude, Ai, wavelength 
at maximum height, Ai and halfwidth Si. 
Computer programs have been written by the author to 
evaluate the integrals (14) and (15). The phase difference 
corresponding to the relevant change in intensity has then 
been determined using the exact expressions (9) and (13) and 
(15) 
(16) 
(17) 
graphs produced comparing the calculated phase difference with 
that occurring at the assumed equivalent wavelength. 
Graph 5 indicates the relevance of O'Konskils procedure 
to the use of a tungsten lamp with a linear or quadratic 
system. For its construction, equation (16) was adjusted to 
I(X) =X exp 
I 
-( 
x- )ý ) 2/(2 4r 
2 )3 
so that *\ 
I 
corresponds to the effective wavelength chosen 
by OlKonski. 
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It is sufficient to say that the equivalent wavelength 
is not correctly identified by OlKonskils approach and 
indeed because the error involved is not of constant value 
an exact equivalent wavelength cannot be found. 
Of greater relevance to the author's work are the errors 
introduced when a line source is used. The values (see 
Table 2) used to form I(X ) are typical of the mercury 
source and photomultiplier used by the author and other 
workersý17919) 
-2o deten-Ane if an effective wavelength exists for the 
linear system, Graph t--D was constructed. 
EJ-1ch 
curve represents 
the use of a dif f erent quarter-wave plate and a value of ýC 
equal to the particular Q. The average discrepancy between 
0 
and cF, is a minimum for Q equal to 4,150 A 
Sobserved 
I 
and the maximum emDr introduced is only 1%. However, when 
only one quarter-wave plate is available, for instance one 
9 
calibrated at 5461 ,,, Graph 6 can still be used to f ind a 
value of k. The horizontal portion of curve 1 indicates 
that an effective wavelength 10% lower than 5461, i. e. 4900, 
can be chosen for phase differences up to 1x 10 -2 . For 
larger values the error increases rapidly so that distortion 
of the true pulse shape occurs but this corresponds to an 
error of the order of only 4% in the measurement of a single 
relaxation time. 
Consider now a mercury lamp witb a Qjuadratic system. 
Complications involving the choice of % and X. are no longer 
0 
present in the analysis. An effective wavelength of 4100 A 
I 
P-, 
2O 
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can be found which is accurate to 1% in the whole of the 
range of phase differences discussed. 
The above analysis is not rigorous and the effective 
wavelengths when found are specific to the particular 
conditions described. However the results Of many previous 
experiments can now be held in perspective as well as 
approximate corrections applied to the author's results. 
Divergence of the light beam not only introduces errors 
in the measurement of the path length used in equation (1) 
but also light rays which are no longer normal to the optic 
axis of the birefringent components. Actual physical dis- 
placement of the two resolved components of the beam will 
then occur. 
(2) The errors introduced because of imperfect behaviour of 
the polariser and analyser can be deduced from the work of 
King and TalimPO) Variations in the orientation of the 
polarised beam across the face of the polariser can be 
neglected, ellipticity of the beam may be considerable but 
contributes only a small fraction of the light transmitted 
by crossed polarisers. The effect of trans-Atted unpolarised 
light, generally referred to as stray light, on the equations, 
is simply that of an additive constant when the total intensity 
reaching the photomultiplier is measured and is not present 
when changes in intensity are determined. 
(3) The effect of multiple reflections in a phase plate is to 
make it introduce a phase difference not simply related to 
its thickness and to render it dichroic (see Ref. 9). 
CH 
Multiple ref lections in the quarter-wave plate can be 
reduced by methods del-)cribed by Jerrard 
ý20) 
Their effect 
however in the Kerr cell does not appear to have been discussed, 
even for the design of a multiple reflection Kerr cell 
ý21) 
(4) Of particular interest is the presence of dichroic and 
optically active behaviour in the solution. 
Dichroic behaviour can readily be taken account of 
using the Jones calculusý 
8 19) The experimental separation 
of linear absorptive dicbLrois-i and linear birefringence 
is treated in a recent paper 
ý22 ) 
Dichroism might also be 
present as a result of the manner in ,.., hich the sample scatters 
light (see Chapter 7). 
'The Jones calculus can again be used f or the interpret- 
ation of birefringence measurements on optically active 
molecules 
(23) but with difficulty. It 
1' 
Limitations in the measurement of 2hase difference due 
to noise considerations. 
The above analysis deals with systematic errors in the 
measurement Of Dhase differences and the relaxation times of 
the transient effects. Additional accidental errors occur 
due to noise present on the transients. Such noise originates 
from random fluctuations in the light source output, the 
particulate nature of light, i. e. shot noise, statistical 
variations in the secondary emission coefficient of the 
photomultiplier dynodes and finally, Johnson noise developed 
.n the photomultiplier load resistance. Badoz(3) considered 
the mi-nimum phase dif f erences which could be measured by the 
cluadratic and linear systems. 
Considering only shot noise and a --Dystem employing 
single shot methods, 
For Ki '"'0 ( IýQmid 
=22 Ki min 
0, 
For K0Q 
min =22 
&f 
fo 
and for VP Ki & 
SL 
min 
(20) 
where &f is the noise bandwidth of the detecting 
equipment 
is the light f lux incident on the analysing prism 
6'J 
in terms of photons per second 
Ki #0 is the stray liSht flux incident on the 
photomultiplier 
11 is the aluantum efriciency of the photomultiplier 
cathode. 
Equations (19) and (20) illustrate that the linear system is 
the more sensitive. Equations (18) and (20) illustrate the 
important practical variables which can be minimised Kil &f 
oýaximised ýe ,q to produce low noise transients. Due 
to the power relationships, very large variations in these 
values are req! xired to increase satisfactorily the sensitivity 
of either arrangement. 
It is to be noted that the equations are independent of 
the gain of the photomultiplier tube. In reality this is not 
S09 the third factor in the list above was not taken 
into account by Badoz. The actual dependence can be 
(24) 
included in the eqýuations above by multiplying Af by a 
factor a2, this being a minimun. f or photomultiplier tubes 
with a high first stage gain. 
The final factor involving the photomultiplier tube is 
Johnson noise and f or all practical circumstances this can 
be neglected 
ý24) 
Badoz also considered noise due to variations in the 
output of the light source. Although long time variations 
will effect absolute measurements it is rapid fluctuations 
during the pulse which determine if the corresponding phase 
difference will be observed., Consider the variation in Io 
to be dI 
0 then 
61 
min 
Ki(dIc)) 
I( 0 
( %dI 
min U-110 (22) 
Io 
These values of might under certain circumstances 
be greater than thooe of equations (18) and (19). The 
limiting phase difference could also be smaller for the 
quadratic system unles-- )C is adjusted accordingly. 
Limitations due to non-linear behaviour of the photomu lier 
Distortions in the size and shape of a transient will 
occur if the photomultiplier operates in a non-linear region. 
This -. aay well occur if the liCnt flux incident on the tube 
is high, a necessary reopire: rient for naximum sensitivity. 
For linear behaviour a typical photomultiplier(24) must 
produce an anode current of less than 10t&Amp and I rn., 'L for 
continuous and pulsed light levels respectively. The lo,, -., 
value of 10 ý&Amps may limit the use of linear detection in 
circumstances where a small value for the anode load resistance 
is required. 
Distortion of se shape caused bya finite bandwidth 
The reduction of the bandwidth of the detecting system 
improves the signal to noise ratio of both the quadratic and 
linear systems. However, distortion of the recorded pulse 
shape also occurs. 
Consider the sample to be composed of molecules having 
one relaxation time, or , then the decay of the light pulse 
on removal of the field is, for quadratic detection 
AI(t) = 
and for linear detection 
Ai(t) 
exp ( -2t/T ) 
AI(t=O) exp (- t/Or) 
if the relevant approximations hold. 
If the input impedance of the detection system following 
the photomultiplier anode can be specified by a resistance, R, 
in parallel with a caDacitance, C, then the recorded decay 
pulse has the form(3) 
AV(t) = AýI(t=O) 
[( 'r exp(-2t/#-r )-2A exp(-t/A) )/( 'r- 2A)) 
V(t) &V(t=O) exp(-t/Or) -A* exp(-t/A) A) 
for guadratic and linear detection respectively, 
where A is the time constant of the detection system which 
is equal to (RC), 
V is the voltage produced across R, 
and the noise bandwidth of the system is equal to 
(4 A)- 10 
Graphs 7 and 8 indicate the extent of the distortion 
introduced in the logarithmic plot of the decayo 
Riddiford. and Jerrard. also present eSuations for the 
case of molecules represented by two relaxation times* 
It is 
sufficient to say that such transients can only be analysed 
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when the detection time constant is less than one fiftieth 
of the smallest molecular relaxation time. 
A second type of distortion, particulirly relevant when 
the linear system is used, may be present. The observation 
of a small change in a hiý; h steady light level requires the 
resulting steady voltage to be adjusted to a snall value. 
This can be done with a blocking capacitor: however, low 
frequency Fourier components of the transient will be removed. 
The resulting distortions which may occur are illustrated 
in Figu-re 
Summary 
The measurement of transient birefringence changes 
using the quadratic and linear systems has been reviewed. It 
is shown that accurate measurements of phase difference can 
only be made when the absence of dichroism and optical 
activity has been established, and when the alignment 
procedures suggested are performed. Althou, -h sy. -)tematic errors 
may be reduced in this way, random fluctuations in light 
intensity and shot noi-, e ultimately limit the accuracy of 
measurement. 
There are no distinctive theoretical advantages in the 
use of either system. However it is the author's contention 
that the linear System with the advanta, 7es of: - greater 
sensitivity, allowing constant monitoring of the light 
intensity, the ability to discern the sign of the birefringenceg 
and its insensitivity to the effects of stray phase differences 9 
is the better choice. -Phe approximation 
to linear behaviour 
has such limited application, however, that exact expressions 
should be employed. 
This work al.,; o suggests that whenever birefringence 
transients are published some indication of the magnitude of 
the phase differences observed should be given. 
L' 7 
U/ 
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C! APTER 4 
I Ipparatus and Da-lu-, i L-mcIling Procedures 
Introduction 
The audmr' s apparatus wa-. established on apparatus 
inherited from a previous worker. It is thus of essentially 
the same principle as that described elsewhereý'ý Y, number of 
improvements have been incorporated, however, based on 
housing the optical equipment in a light tight box, and the 
development of the Kerr cells. In particular a novel method 
of data handling h--s Deen employed and incorporated directly 
into the ap: p-aratus, w",,.. ilch allowed transients to be recorded 
in digital for: n and then an. --, lysed using a computer. 
Incomplete work has also been carried out on improving 
the past author's , nicrosecond pulse system. 
Details of the performance of individual components and 
the calibration of the equipment using nitrobenzene will 
be given . 
! 'he Ap aratus 
The eqpipment can be seen in Photograph 1 and in Fig. 1. 
It consisted of three sections, a-n optical, a pulse generating 
and a transient display system. The optical system can be 
closely observed in Photographs 2. 
The optical system employed a 500 watt d. c. high pressure 
mercury arc lamp as the light source (1). A highly stabilised 
voltage source, 70 Vt OoOI% at 7 amp, built by the author, 
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powered the are; however, the light output had a noise level 
of and short term stability of ± 3, ýo. The lamp was 
positioned in a sheet-iron case which was mounted on a steel 
platform. Adjustment of the lamp in all three dimensions 
was possible. The whole assembly was contained in a box 
which could be detached from the main optical compartment., 
The location of the equip-ment was such that only crude 
anti-vibration mountings, rubber stoppers attached to the 
base of the box, were required. 
A filter (2) made of HA3 heat absorbing glass, obtained 
from Optical Works Ltd., Ealing, protected an achromatic 
lens (3) from the heat generated bj the are. This lens 
was of focal length 8 cms and focused the are onto a pinhole, 
(4), placed at the focal point of a second lens (6) which had 
a focal length of 10 cms. "In interference filter (5) isolated 
and transmitted the required wavelength of the mercury 
spectrum. The divergence of the light beam incident on the 
polariser after pa. -sage through the diaphragin (7) was 
1x 10-2 radians at best. The power of the collimated beam at 
0 
5401 A was of the order of 10, %twatt, which was considerably 
lower than that of 0-6 watt radiated by the are. The 
polariser (8) was of the Glan Thompson type and was held in 
a rotatable mount. The mount and the position of the 
polariser in the mount were adjusted such that the light beam 
was at all times normal to the polariser face. The orientation 
of the plane of vibration of the polariser was ascertained 
by the pile of plates method. The polariser was rotated so 
that it would not transmit light reflected at Brewster's angle 
74 
from a pile of glass microscope slides. The front face of 
the glass slides was ýýet to be normal to the horizontal plane, 
defined using a small spirit level. The polariser was then 
0 
rotated through 45 . Repeated measurements indicated that 
the plane of vibration could be set to t 10, The polariser 
mount itself could be accurately set at 0-1 0 intervals by 
means of a Vernier scale. 
slit (9) reduced the width of the polarised beam so 
that reflections off the electrodes of the Kerr cell (10) did 
not occur. The design of the Kerr cells employed will be 
described in detail later. The flat base of each cell could 
be accurately located in troughs milled in a steel platform. 
The platform itself was adjusted to lie in a horizontal plane. 
This plane v., as definable to ± 12 minutes using the small 
spirit level. `2he polariser was rotated so that its plane of 
vibration was at 45 0 to the platform and hence to the cell 
electrodes. The overall accuracy of this procedure was 
ascertained when the quadratic calibration measurements were 
performed on nitrobenzene. A constant voltage was applied 
to the cell and the amplitude of the optical trace was 
recorded as a function of the orientation of the polariser 
and analyser. Graph I indicates that an error of t30 could 
be incurred. This figure indicates the accuracy with which 
the cells could be machined and positioned. 
The quarter-wave plate (11) (a thin sheet of mica) 
0 
previously calibrated at 5461 A, was held in position on a 
rotatable mount and accurately aligned perpendicular to the 
light beam. The analyser (12) was of exactly the same 
construction as the polariser, and similarly aligned, Finally 
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a diapbragm (13) was placed in front of the photomultiplier 
entrance slit. Thi,, -. diaphragm, ,, s well as two screen-,, in 
the light tight box, restricted the stray liý, ht reaching the .. I 
photomultiplier (14) to a nej. ýlii- 
_, 
ible amount. The extinction 
coefficient o.,. ' the polariser and unalyser was smaller than 
Ix 10-5, so that the stray light reaching the photomultiplier 
was often primaril,, ", due to the , -ýtrav birefringence of the 
cell windows. 
General considerations regarding the design of Kerr 
cells have been ý: iven by the previous autho-AP) The cells 
desL7-ned by him were not used in work for a number of 0 
reasons: 
1) Ahe windows o: ý' those cells were held in position either 
by the use of neoprene 10' rings and pressure or glued into 
place using A-raldite. Both 101 riný-:, and ',. raldite were 
attacked by common organic solvents Such as chlorofor-n and 
metacresol used in this won'. -., 
The windows were strain free microscope cover slips but 
both methods of clamping introduced relatively high stray 
- plotted in accordance . Ath phase differences. Graph 2 wa,., 
the procedure described in Chapter 3 and has the form 
predicted by equation 10 of that chapter. The phase difference 
introduced was therefore typically 3x 10-2 radians at 5461 
ý 
for the windows held with Araldite. 
The effective phase difference had to be determined each 
time the cells were used. 
To overcome problem I above, cell I was constructed (see 
17 
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Photograph 3). The cell v; Lndows we. i_-e hold against the PTFE 
body with PTFE end c, q)s . -, crew(,,.,. onto the body. The windows 
acted reasonalbly well as a single phase plate as sho,.. m iri W 
Graph 3. The phase difference -introduced of the order 
of 6x 10-3. The electrodes were of stainless steel and 
mounted on a block wliich wa,; push fitted into the cell 
body. 
The di. menlsions in cenuimetres of the electrodes were 
as f ollows: - 
length 
height 
thic'emess 
gap Letween electrodes 
5-00 
0095 
0-30 
0-258 ± 0-002 
Using the equations of Chau:. iont 
(2) 
to take into account 
field edge efifects, the effective length of the electrodeý-, 
was deter., -ained to be 5 All the other cells employed '13 C, 2s. 
had electrodes of similar length and dimen.,; lon. _Ioi-iever 
the construction of the cells was not in e-, -, -tct accordance 
with the theoretical situation envisaCed by Chaumonul-, so that 
the correspondingly small corrections were not used. 
Cell 2 was constructed in order to eliminate the effects 
of the stray phase difference (see Photograph 3). In 
accordance with the suggestions of Chapter 3 the cell windows 
were held in PTFE end pieces which could be rotated. 
Unfortunately clamping the end pieces to the cell body to 
prevent leaks always reintroduced additional strains. 
bg 
Because of this the PTFE end pieces were mpL&ce4' Kite brand 
0 
Tufnol, kindly supplied by Tufnol Ltd., Peckham. This was 
a daLrdier material but did not prevent strains being 
transmitted to the windows. This cell design was therefore 
abandoned. 
Eventually the body of Cell I warped. Consequently 
the cell leaked and the distorted windows focused the light 
beam when the cell was filled with solution. After due 
consideration a spectrophotometer cell was used. Cells of 
a completely fused type were specially built by Hellma 
(England) Ltd., Westaliff-on-sea, see cell 39 Photo 4. 
They introduced a stray phase difference Oonstant in direction 
and of magnitude 2x ICC-3 radians at 5461 AO. The cells did 
not leak and therefore admirably satisfied the three 
requirements above. Howeverg the cells were susceptible to 
fracture and req pired gentle treatment. 
One of the cells was mounted in a perspex water jacket 
using Araldite (see cell 4. photograph 4). Consequently 
the istray phase differenee rose to Ix 10-2 raclians. 
Two electrode assemblies were made to fit loosely into 
the spectrophotometer cells (see photograph 4. ) The first, 
El 1, was made of Kite brand Tufnol. The stainless steel 
electrodes were push fitted into slots accurately machined in 
the upper and lower pieces of Tufnol, Stainless steeel screws 
made the electrical connection to each electrode. The 
assembly could be easily dismantled for cleaning and used 
with electrode separations of Od, 20,, 0-60 and 1-00 cm. 
The second electrode assembly, El 29 was made out of 
It could not be machined as accurately as ]Kite brand 
Tufnol but had a greater resistance to organic solvents. 
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The volume of solution required was 7 ces. and 2 ocs. 
when El I and El 2 respectively were used. Inlets through 
which the cell could be filled were provided on each 
electrode assembly. 
A scale diagram of the Tufnol electrode assembly is 
given in Fig. 2. 
The electric field pulse system 
The first stage in the generation of the high voltage 
pixlse was common to both the d. c. and a. c. pulse systems 
used. A pulse from the oscilloscope, type 585A Tektronix, 
triggered a Claude Iqons type P6,21 pulse generator, which 
produced a single low voltage pulse of variable magnitude 
and duration. This pulse was then amplified by the following 
pulse forming networks. 
PA 1 (see Fig. 3) delivered a d. c. pulse of magnitude 0 to 
600 V at 1 Amp and duration ipmater than 5 m. sec. A Wareham 
power amplifier type 0 646 amplified a0 to I Volt d. c. level. 
obtained from a battery and potoUtiometer arrangement, 
A system of reed relays allowed the voltage to be developed 
across a1 KA load resistance,, R, in parallel with the 
Kerr cellq K09 on arrival of the PA 21 pulse. The transistor 
pulse generator previously 4esignod(l) was found to be 
unsatisfactory due to a constant voltage difference at its 
output. 
(see Fig. 4) provided a d. c. Pulse Of magnitude 400 to 
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10,000 V at up to 10 Amps and duration 5014see to I m. sec. 
The essential elements are shown in Vig. 4. The capacitor 
bank discharged throuGh the resistLnce, iý, when the valve 
network, V, was made to conduct by an amplified version of the 
pulse fro': i the IFIG. 21 low voltage ý--encr, -ý, tor. The hiEý'n voltage 
pulse was thus generated across RL and hence the Kerr cell. 
2he capacitor bank consisted of two 50, m. P capacitors capable 
of workinb- at 10 k'%. They were supplied by .. ritish Insulated 
Callender Cables Ltd. of Helsby, Cheshire. Pulses could be 
applied to a total load of 2,000 A with only a 1% change in 
the voltage across the capacitor bank. If greater changes 
in pulse shape could be tolerated , currents up to 10 Amp 
could be drawn. Above this current level drastic time 
variations occurred in the resistance of the valve network. 
The network "kudlýconsisted of a parallel arrangement of 
three valves of type C 1150/1 (obtained from English Electric 
Co. Ltd. ) which normally had a total resistance of 25A - 
In some of the work carried out in PBLA the capacitor 
bank was of value 3t&F. A misunderstanding by the author 
of the mode of operation of this pulse generý--,, tor led to a 
load resistance of value 1 KIL being used. It was this error 
which led to large changes occurring in the pulse voltage. 
The resistance of the cell containing the PBLA solution 
was considerably greater than I K. A so that the value of RL 
should have been correspondingly increased. 
was used to deliver voltage pulses up to 5,000 V and 
duration greater than 5 m. sec. It was constructed by 
replacing the valve network of P. O. 2 with the relay arrangement 
- 
(JC) 
used in P. % 1. The reed relay employed (Type (ýB 129 B 
obtained froin Astralux Limited, ý-', ri. ghtlin, -, sea, Essex) li,,, iited 
the currents which could It), -, 
drawn to 3 Amps. Above 800 volts 
relay bounce occu--re,., which , --)e! ýiously distorted the decay 
of the optical pul, -)e, 
P. G produced a. c. field pulses in a manneA. , inalo, --Ious to 
A low voltage R. C. oscillator, supplied by Levell Electronics 
I 
Ltd. 9 HigI, Barnet, He--,, ts., provided a ý-, i, -nal- of variable 
frequency 1-5 Hz to 150 -2he Wareham amplifier amplified 
this siý,, -nal over the frequency range 0 to '-3 I-Liz. An amplifier 
type 254 obtained from . ý. irmec Ltd. amplified signals ol' 
f requency 15 Hz to 30 1, ----Iz v., ith a ma-i-nim output of 800 VOlts 
at 0-2 A--nps. R. F' 
,! 'he relay pof7J-tioned on the output side of the 
amplifier. This had t,,., ro advantages; any d. c. component 
could be easily -nonitored before being removed, and little UI 
distortion occurred in the pulse shape. 
The load resistance (15) in parallel witn the cell and 
the attenuator (16) used to monitor the voltage pulse were 
both housed in the upper compf:. irtment of the light tight box. 
The lid of this compartment activated microswitches so that 
an alarm bell rang if the lid was accidentally removed. 
The detection 
The applied electric field pulses were monitored using 
a Tektronix 6013 A d. c. voltage probe. This had an attenuating 
factor of approximately 1,000 to 1 and a response time of 
o 
14 n see. 
The optical signal was detected uldng a 56 AVP photo- 
multiplier. Thiý-, was housed -to avoi,, _1 interference from stray 
electric and magnetic fields in the manner previously 
describedP) The dynode chain and -, tabilised voltage supply 
were also those previously used. In accordance with the 
considerations in Chapter 3, a simple battery and potentio- 
meter arrangement was used to offset any large d. c. 
level at the photomultiplier output. 
The dual channel input of the oscilloscope allowed the 
optical and field pulses to be simultaneously displayed and 
photographed. Polaroid film, type 46 L Land projection film 
was used. 3oth the electric field probe and the oscilloscope 
input attenuators were calibrated usiný7 the external calib- 
ration source of the oscilloscope. This procedure was 
accurate to t 
A photographic enlarger was used to project the recorded 
film negative onto a large sheet of graph paper. The graph 
paper was placed on a bench top and could be read-'ly moved 
for ease of measurement. The maximum height of a transient 
could be measured to 1% accuracy. A siiýýhtly less accurate 
but much more versatile method of transient analysis was also 
employed and is described later* 
Use and performance of equipment 
The systematic manner in which measurements were made 
on an undocumented solution can be seen in flow diagram 
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The perf ormance of the equipment as a whole and the 
compatibility of the results obtained using the linear and 
quadratic optic. il arran(c--)ements were determined using Nitro- 
benzene. Measurements were made u. -. )ing light of wavelength 
546-1 1 and at room temperature 25 '1 20 C. Using the 
procedure suc, - --ested 
in Chapter 3 it waý, ascertained that the 
effective sturia,,, - phase difference of the cell used had a 
-ON 
. aagnitude of -TIhe sir-n however of the 7, *4 x 10 radians. ý_. ) 19 
phase difference could not be determined by that procedure. 
Two methods used by the author employed the fact that 
nitrobenzene has -- positive Kerr constant and hence introduced 
positive Dhase differences. For the linear sjstem the 
analyser waz uncros.,.. -ýed by 60 as suggested in Chapter 
elect-ric field pulse was then applied acro-'s the nitrobenzene, 
If the observed change in lirht intensity was negative the 
analyser was uncrossed in the opposite direction by ---) 
0. Now 
to determine the sign of the strrjýr phase difference the 
steady light level was measured. The cell ý-; Lis removed f rom 
the system and the new steady level was recorded. On allowance 
for the attenuation of the light becam by the cell, the stray 
phase difference was of positive sign if the light level in 
the presence of the cell was greater than that in its absence. 
Correspondingly, the angle uncrossed by the analyser was in 
this case chosen to be 7-0 0 (i. e. )C +S stray/2) not 6-0 
0 
for the purpose of the computer calculation of the results 
shown in Table 1 a., 
Immediately after these measurements the quarter-wave 
plate was removed and measurements using the quadratic system 
90 
To convert pha. " differences to birefringence values 
mltip17 W 1*74 x 1076 0 
x 10, E KV/(w B cg. s. units x 105 
*385 '1*90 3eO7 
1010 3*23 3001 
2907 4o64 2o75 
3o48 5*85 2*91 
3*73 7o57 2.8ro 
9099 9*89 2*93 
I a. Remdtjs obtained with the lin*ar systm 
and correct*d for stray birefringenow, 
6x 
10 
1 
E KV/am B cog*-s. unita 
uncorrectod corrected uncorrected eorrect*d 
*7" o478 24,25 4*23 2*72 
le22 *922 3013 3*56 2o? O 
2o18 IeB2 4o54 34003 2. *52 
2-P98 2o66 5-*65 2e67 2*38 
44P42 4-009 64,96 2e6l 21P42 
6e03 5e7l 8*08 2,1165 2*50 
I bo Results obtained with the quadratic system. 
TAMaE-Lo M*asurements performod on nitrobonseno, 
91 
were performed on the same sample of nitrobenzene. The 
results of that experiment can be seen in Table I b. It is 
evident that values of the Kerr constant decrerised with 
increasing phase difference. This again showed that the 
stray phase difference had a positive sign. 
'A 
'"able 1b also 
includes the values obtained on correcting the results for 
the stray phase difference + -7-4 x 
10 radians. 
For lirriear detection the averar-e value of the Kerr 
constant was 2-92 (+- 0.10) ,: 10-5 c, statvolt-2 . The root 
mean so i ,,, uare error w-s 3% and the gre-test deviation from the 
average value was 6% of the aver, -,, -, -e value. 
For cluadratic detection the Kerr conctant was 
52 2-55 (± 0-13) x 10- cm statvolt- "he error .. ias 5,, and 
L. he greatest deviation from the average value was 7ýj of the 
average value . 
It should be noted that the error-, determined here are 
not universally applicable to the use of the ejuipment. If 
large phase differences are observed such that sin (S12) 
approaches 1 then the error will drastically increase. 
The two Kerr constants were not consistent within the 
accuracies indicated. This may have been due to an unknown 
imperfection in the quarter-wave plate, the operation of the 
photomultiplier in steady light level condition-), or a 
greater variation in temperature than that suggested by the 
room temperature cluoted above* 
Both results were considerably lower than the most 
(luoted value of 3-8 x 10-5 cm statvolt-2 . Tests with reserve 
components indicated that the discrepancy was not due to the 
() 
/ (__ 
equipment. Indeed -. )enoitý3) who obtained a value of 
3-30 (± 0-1) x -10-5 cm statv 0 Olt ' at 22 C remarked on the 
wide range of values quoted, i. e. 2-41) to ý-&--) x 10-5 cm 
statvol t-2 . The result obtained here is likewise attributed 
to the purity of the nitrobenzene tested, which was micro- 
analytic standard nitrobenzene obtained from Hopkins and 
Williams Ltd.,, Chadwell ieath, Issex. E 
The response ti, -. ie of the photomultiplier and the 
Qssociated display circuitry was aý7, certained without the 
need to apply an electric ý "ield pulse to Lhe nitrobenzene. 
The strav light reaching the photomultiplier reduced to 
such a low value that single photons coull-I be observed. 
'he decay of the Single photon traces yielded the time 
co". ---tants A. C. sho-, m in 2able 2 directly below. 
RkA T. C. psec 
1 001 
10 2 10 
103 50 
1 
here R is the photomultiplier lor!, d resistance. 
TABLE 
The individual pulse generators produced pulses which 
did not conform exactly to a rectangular shape. The additional 
resPonse time introduced was measured by observing the 
corresponding optical pulse from nitrobenzene. 
() 1 
Extension of the display L;, Yý:, tCln to incorporate a transient 
recorder 
The e. xtended system included a B-Loination 610 transient 
recorder interfaced to Facit type 40? 0 tilpe punch. Elany 
detailsý of the source and performance of this equipment are 
Given in the paper 
(4) in Appendi-.. -, 1, and only useful 
additional in'Lormation i-I included here. The position of 
the data-logging equipment %vith respect to the whole system 
can be seen in Fit-)- 5. For functions other than actually 
recording the transient, such as the aliCnment of the optical 
e(juipment, the calibration of the field attenuator, and the 
_, 
ht level present, the oscilloscope measurezient of the steady li., - 
-1 
was e--i-loyed. -nis also : -, i: -'T)lified the r)ror--r-, Tn necessary 
to 
analyse the data . 
, -he 
data fed to the IClj 1903 coýiputiný: system consisted I 
of paper tape and data card-, 
""he paper tape was of a com-plex character. In addition 
to the blocks of 128 six bit bin,! -,.,,, ords depicting the 
observed applied electric field or optical response the tape 
consisted of spurious character,. due to electrical noise and 
incorrectly recorded transients. Useful information was 
separated from the noise by a length of bl,, 3nk tape and an 
arbitrary number of words in which all eight characters were 
punched (see Fig. 6). The latter words were a standard 
feature of the tape punch used and only produced on the tape 
if the analogue replica of the recorded transient was deemed 
satisfactory by the author. Before forwarding the tape for 
computer analysis the length of each block of useful inform- 
(. 
J- o 
________ 152' 
b 
C. R. 
-P 
Co t' t4. t r- CL ' Si-' IrýINCI, In? 
. 
ýrorn. f ýz1 J. ?m bc. 
,. -- -- -- a 
Transient Rewr4tr 
T Re 
I 
Si 
rrr,, 
b Lo. n. k 
" 'oe 'lop 11 ri, tt et"P. 
T. P To. ýC, pla6ch, 
TA LOGGING 
.S $1 S 
: r::.:::::;: 
.S 
..... 
11 , 
i ý! G 
rc Cýz :r 
. GIs OLO-5 Sipict or op tica t rusic 1% 
9) 
A 
vaý. Xj 
5: 1 S2t, 
o C. 0) oPh V'I puu el- 
Tk. it%? Ke Qktenvui-or 
5er T. R. ho ircczrd r4od P- 
set sl to ID., tj S 
CaLLbrcýtp- o-ttti%wcýtý r Dýcj 11, U 'o 
0 cp 
ro 
Y--- 
chzý, k kat 
1'ý P. JL; c-, 
W IýLl 
ApFlj ýcla Is'l to 
fit. IA Ij 6ý ophLAI j-o^OAljff&,,, dV% 
I 
vic-4 ot 
ý ný 
I,, 
ecc, c. 41 ct", rox. h<aaýýi of ti%n4julrs. 
ob, ýCrvz 
c 
Týj cs 
SaP, Fi 
UrP, 
5 FOP 
60% ýCA12,5 
reS P-rr(, 
2 
ro 'IV kl, $ ýl 01-J ChOL( t. 
CL 
OL SIC. 1 ý %*.. uo 
\'. L( Ld L 
A r, o (- c 1. i- D) ý -&j (- to ,q- 
C) - 
/ ") 
ation was checked. If, as soinetirne-. occurred, 128 words 
were not punched, then additional words were manually punched 
at the beginning of the recorded tran-. ient, 
For the computer system used the tape vi-, ýS of an 
unconventional form and required tran-)1, -. tion into a standard 
form. 2he tape was input bacl--. wards into the tape reader. 
Only info-J. -. -:,. -. -,, tion occurring after a sequence of eight 
character words wa-, converted into standard ICL code. This 
-iethod of analysiw- the tape obviated the need for additional 
sets of characters to indicate the ir---lval of a tr-msient 
and on its completion to indicate whether it should be 
analysed or rejected. The sequence of steps necessary to 
record a transient in the manner --ibove is shown in f lo,..! 
,- -n ddaEýr . 2. 
Infor-mation contained on the data c., ---T-ds depicted the 
experimental conditions, the transient recorder settings for, 
and the area of each tran: 7ient to be analysed. 
; -ýae transient recorder could not 
be usefully employed I 
to observe a. c. electric field pulses. Correspondingly the 
algol progrLim written by the author analysed only transients 
produced by d. c. electric field pulses. A brief outline of 
the function of that pro6ram was) given in the paper found 
in Appendix 1. Samples of the tables and graphs produced 
on analysis of quadratic measurements performed on 
nitrobenzene are as follows, 
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Of interest i. -:, the maimer in which the decay of tne optical 
pulse was simulated. `ýTalues oA,. ' intensity along the decay 
were converted into phase ýiifferences. Initially a simplex 
curve fitting p: vocedure was employed to fit a function of 
the form Ae -Bt + Ce -Dt to the converted decay. Initial 
estimates of the fitted parameters of a general nature were 
used: 
C 0-5 
B 5D (I()L 
5 100 
where K. was the position of the decay oriý: in, 
and L was the tr, -nsient recorder timebase settinC. 
A good' fit was always found but in too large a ti: ne. 
ailsr but faster proceda-es are apparently -, v-iilable 
ý5) 
Even so the resolution of the transient recorder analoý; ue 
-nificance to be to dit, -, ital converter uil, not allow : iucli siL., 
attached to the long time exponential. For these reasons 
the initial slope of the decay plot wa-, analysed in the 
manner of 3)chweitzer and Jenning, -I using a matriý-- curve fittin,, ý 
procedure. A function of the form y=a+ bt + ct 
2 
was 
fitted to the first ten points of the logarithmic plot of the 
decay. The constant b was therefore the value of the initial 
slope required. This procedure was exceptionally fast and 
also gave an estimate of bhe error in b. Extension of the 
program to evaluate the dimensions of the solute molecules 
was not performed as a large number of procedures for 
. Luired, different particle shapes would 
have been reg 
102 
In conclusiong disadvantages of the ,,, ystem were that: 
it did not dispose of the oscilloscope display sy-. tem, 
greater time , was required to record the trj-nsients, the 
accuracy of the measurements limited by the resolution 
of the analogue to dir-, ital converter, and two pul. -; es had to 
be applied to the solution to observe both the electric 
field and the optic(,,. l t--ý,, risients. The advantages of the 
system that: it was relatively inexpensive, it overcame 
the use of many rolls of polaroid fil: a and it diminished 
stri. 'rzin--ly the time re(juired to analyse the results. Z-3 
_ýpulý7es 
of iuration 1 to 5 &sec. , The observation of 
'The hydrogen thyratron generator de-. cribed by the 
previous author was redesigned as sno%.., n schematically in 
Fig. 8 1-11r. G. Ford of the Electronic: ý Unit, Brunel 
University. '2, he additional advantages of this -)y, 3tem were 
that: three pulze ,.., ldths could be readily chosen. Inter- 
locking circuits disconnected the e. h. t. supply after the 
delay line charged,, , -, nd only then could a trigger pulse 
be applied to the thyratron grid. The output to the cell was 
also disconnected if the cover of the light tiý3ht box was 
removed. The three pulses which could be obtained are shown 
in Fig. 9, and had a maximum amplitude of 5 kV set by the 
10 V e. h. t. supply. The droop and relatively long fall 
time were both unsatisfactory characteristics, especially 
of the longer pulses. Moreover on applying the pulse to 
cause the thyratron to conduct, noise was generated which 
could be observed at the pbotomultiplier output. In 
addition repetitive pulses were not identical. This latter 
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fault was of tnportance becmse both the optical and electric,, jl 
sign, als could not be 7imultaneou.,, ly viewed with the 585 , '1. 
oscilloscope. 'Por these reasons the generator was not used 
by the author other than for the test., -,, carried out, 
The optical system was also updated so that I IA,, ec 
optical pulses could be detected with little noise. A He-I, Ie 
laser was obtained from Coherent &tdiation Ltd., Royston, 
Herts. It was easily included in the present equipment 
snown in photo 5, and provided ,i beam of 0-8 mm diameter 
and 1-0 milliradians divergence at a power of 1-5 -1*,,, '. The 
inten-sity of the beam had a noise level of 1%. and long term 
stability of 5%. Unfortunately the state of polarisation of 
the light output varied with time. -, iowever the laser tube 
could be rotated so that the stability of the light intensity 
transmitted by the polariser was at a minimum of ± 21-'), 
The 5--' AITP photomultiplier tube was replaced by a 
9816 KB photomultiplier tube obtained from EI, II Electronics 
Ltd., Hayes, Middlesex. The photomultiplier load resistance 
was reduced to 5004L so as to increase the bandwidth of 
the system. This also reduced to 5 mV the maximum steady 
optical signal which could be obtained. This signal was at 
the limit of the sensitivity of the oscilloscope and of the 
same order of magnitude as the noise generated by the 
thyratmn circuit. These two considerations, permitted only 
quadratic detection to be used. 
The pulses were recorded photographically using a high 
speed polaroid film, type 410 Land roll film. 
This system was capable of detecting phase differences 
lo/ / 
- 
1) 
greater than 3x 10 '- radi, -ins for lt4sec pulses. 
Su.. ested Improvement-, to Present Opticnl ; y2tefa 
Especially for the case of ju., tdr: itic detection an 
additional photomultiplier would be of use to monitor the 
output intensity of the lamp and laser continuously. Both 
were subject to short ter..,,, as well as long ter:. q drift. 
Inclusion of the photomultiplier in the -nJnner suggested by 
Orrtung and ý'. eyers(7) would be most beneficial. It should be 
noted, however, that this method would not allow for additional 
lirrht penetratiný- the an: ý,, ly-. er due to bubý)les or thermal IýD C) 
currents formed in the Kerr cell. 
. -e analyser : ýounting should 
then be replaced by one which --'h 
co, uld be rotated accu. L-, ately. 
Even with these improvement-. tiie syste-ri is not 
- measuring phase differences 7 satisf actory fo , reater than 
radians unless more accui-,, te procedures are included for 
aligning the cell, cali', -)rIýting the oýýcilloscope and 
determining Ioo 
A working desi., -ri for rotatable Kerr cell windows has 
been given elsewhere 
ý8) 
OJ 
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CHAPTER ý 
Kerr effect study_. 2. n p2ly benzyl -1- aspartate 
Introduction 
Poly - .0- 
benzyl -1-a: -, ýpart,,! te (iI.,, LA) i. -, a poly- 
peptide with the repeating unit 
0 
HC-CH-C-O-CH ý<D 1 11 t 
H-N 0 
1 
In solvents such a. -. ., 
ichlorethylene, chlorofo-, -,, - and 
metacresol, its conforma-tion at roo, -, i temper-iture is that of 
a *L helix witfl a left-h--inded sense 
ý1) 
Dielectric dispersion studies 
(2,39495) 
have de: --. cribed 
its electric properties purely in termý7, of -i permanent 
moment, largely attri'4, Dutable to the hydrogen bond. - 
in the 
CO-N-H- linkage. 
Although many electro-optic stud C- -Le) 
have been carried 
out on the related polypeptide poly -X- benzyl -1- 
glutamate (PBLG)(6) few workers have investi, (,, ated PBLA. 
Charney et alP) were unable to observe electric dichroism 
transients and attributed this behaviour to either a random 
or a particularly fortuitous orientation of the side chains. 
Yamaoka 
(8) 
observed both birefringence and optical activity 
111) 
t--. insient. - of in chlorofov, n, the elecl; Tdc 
field dependence of the bire. L. 'vingence to ýiolecules havir-j,, 3 
bot'-ri per.,. anent and iwiuc(ýd moment., -,. 
In this study :, easuremenU-,. have been made on chlorofor. -i 
and met,. icre: 7ol solutions,, the iligh molecul,.. r weight samples 
of P-')L!, beinr! --) in. -oluble in dichlorethylene. 
-I 
-wo sets of measurement3, A and B, were made, and to 
avoid confi, -ion these ..: ill be pres#,., )te0 seprir-tely with, their 
own results --i-nd dizcu-sion. 
M-terials P. DL.,,. of molecular -aeir-ht 178,000,230,000 4-0, 
CO were purchased from : -iot Chemical Co. 
(Lot no! s and 395,, O"j 
r A-, -, --, L-2-3 respectively) and used without furthe. - 
purification. ';. ll measaý, -eý..,, nts were made on the 230,000 
molecular weight sample except where stated otherwise. 
The solvents employed were obtained from Chemicals Ltd. 
and were of analar grade. Chlorofor'ý was used without 
further purification. Metac-, L. -,,, so1 was used both in its yellow, 
slightly oxidised fo.,, -, i, repre-)ented ýiere as i-ICU ind in its 
clear pure state after v, %cuLLm distillation, here referred to 
as MCD. 
Measurements ;L 
'EXperimental 
Solutions of PBLA in chloroform and MCO of concentration 
0-05% to 0-5% were individually prepared. Slight warming 
was required to dissolve the polymer, and all solutions were 
filtered through 5)wm M. F. millipore filters before use. 
The qudratic optical ý,, yStem wiý, ii li(: ht of wavelength 
0 
5461 . '1 and cell 1 were employed. All 'nea-urements were 
made at the prevailiný- r-c)o: ii tempernture of 25 120C. u 
Measurements were m, ide on the solvents the, ýi-)elves and their 
contribution wa! -, -, ul, trýtcted : 'T, o, p. the oi-)se .L-i rved phase difference. 
To observe the rapid tn., nsient dec,., y, a photornultiplier 
load resistance of 10 KA was chosen. The lowest v, jlue ol 
the phase differem; e observed ww-, ap, )ro-,. -j-,;.,,: tely 7x 10- 
radians. No allowance was made fo:, the cell stra, 7 phase 
typically 7x 10-3 r. -dians. 
Pulse generator 2 was used. Pul-ce: 7 of duration 007 m: ýec 
an dofm ax -. L... 0 and because the 
Jmum amplitude E k"I were obtained, 
pulý: e ge:. ýerator was -i --ed 
incorrectlý7 (see Chapter 4) the 
magnitude of each pulse ýP, 11 b,,;, i total o; -* 
15%. 
Results and Discussion 
,, )he sensitivity of the app-iratus, as used here, did not 
allow an accurate assessment of the Kerr constcmt of 
ý 10-7 chlorofor-,,, to be made. A literature value of -3-2 :,, 
cm statvolt-2 was therefore employed in the calculations. 
1-: CO produced an easily ob, -, erv, -, ble effect which a-ccurately 
obeyed Kerr's law ,, iith a Kerr constant of 1.7 x 10-6 cm stat- 
volt-2 0 
A typical transient obtained with P3LA in chloroform is 
shown in Fig. 1. Values of phase difference and electric 
field strength necessary to construct Graph I were obtained 
by measuring the relevant transient amplitude at the termin- 
ation of the field pulse. Because considerable saturation 
1 
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of the effect occurred, the curve fitting procedure of 
O'Konski (see Chapter 2, ref. 6) was employed to determine 
the electrical properties of PBLA. The experimental plot 
required for this procedure is shown in Graph 2. The two 
sets of experimental data shown did not coincide. 
This was a result of three factors: the presence of a 
stray phase difference which was not corrected for in the 
final calculations, the errors typi-cally invloved in the 
measurement of the qu-, ntity 
S/E 2 
-..: ý. th this equi-,.,. qent, and 
-2 finally the u: ie of the quantity /E obtained at the lowest 
applied field strength as the value ( 
J/E 2) 
E-*O" 
Moreover the experimental values did not truly coincide 
-,,; lt, a steady state values. However, the solid curve representing Z) 
the averaCe o' the two experimental curves is almost identical 
in all respects) with that obtained by -, A'amaoka 
(8) 
in an 
analogous study on a sa.. -I-, )le of 336., 000 ;., iolecular weight. 
: ýhe best fit o, " the experimental solid curve to the 
theoretical ., n, aster curve: ý 
(see Graph 3 and Fit B) showed that 
.., LA has a permanent dipole ,, oment only, 
in agreement vrith P2 
dielectric measurements 
(2) 
and frequency dispersion measure- 
ments made on P:. ýLI. in m-cresol by the pre-Jent author; but in 
contradiction with Yamaoka's interpretation 
ý8 ) 
The validity 
of this latter interpretation will be discussed later. 
I 
Using the values obtained f rom thi,, -) 
f it 1A was 
determined to be 2,300 Debye with an error of ± 300 Debye 
taking into account the spread of experimental data. The 
degree of polymerisation of the polymer, which is equal to 
the molecular weight divided by 205, was 1*15 x 103. The 
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dipole moment per resýdue was ther(ýfore 2-0 Debye/residue. 
Using the limiting values of 
I/E 2 the iritrin! 7ic Kerr 
4 -1 2 constant was determined to be 1-0 ± 1-0 -ý 10-3 c,., gm statvolt- . 
Using this and the tbove valýý-ie for the refractive index 
of chloroform 1-45, and a value for the part-Lal specific 
volume of IF-13LA in chlorofor, -, i O. 'L- 0-77 cm3ý,, In-l 
(9) 
the optical 
anisotropy factor, g, v., as determined to be 
2-0) x 10-4 0 
The residual dipole moment found here is somewhat smaller 
than 3-6 Debye/residue theoretically predieted(1,3) for an 
helix and eý-nerimentally deten-ained elsewhere. However 
the decay analysis yielded a monomer lenc-th in good (-,, -,,, -ree. -ient u 
with the accepted value, a-I is 7, hown belo,,.;. -2he non-linear 
behaviour of lo7a. rithmic plots of the dec-l. ý, illustrated that 
the sample was polydisperse. The 5mall variation in the decay 
rate over the concentr,; tion r,, -, ri7e studied indicated that 
aggregation was neý,, ligible. 2he time taken for a tran-ient 
to decay to the J/ e 
th point was determined for a solution of 
infinite dilution to be llfxcec. On correction for an 
instrumental relaxation time of 1 IkLsec this value was tLsec. 
The calculated diffusion constant was ther(: -:, ý'ore 
9-3 x 103sec-1. 
Using this value, the viscosity of chloroform at 25 
0 C9 
/ A^\ 
01,54 c poise k-IV) and assuminr, - a : iolecule of P_ý, L. '. to be a 
cYlinder of diameter 15 the length of the molecule was 
determined using Burger's equation to be 1500 The lengt 
0 
per residue was therefore 1-3 A, in reasonable agreement A 
the accepted value of 1-5 Jý for an cA. 
helix. Measurements 
were also made on the other two molecular weight samples of 
cylinder of diameter 15 the length of the molecule was 
determined using Burger's equation to be 1500 The length 
0 
per residue was therefore 1-3 A, in reasonable agreement with 
the accepted value of 1-5 
ý for an CA. helix. Measurements 
concentration 0-2% and the results obtained are compared with 
11 ') 'IL) 
those on the 2-', 01000 molecul-tr weight in Table 1. 
ý103 exp 
178 6- 3 11 
230 9.0 18 
39 7-5 8 
1 I" 
""he values obtained for the high molecular weiý, -', a'- sample ýo 
suggest tba-ý, either the : nolecula. L, - weight is in error or that 
the helical chain is extrt-lmely fle-. --Ible. 
For P-3Lt',. in '-'CO , ýtnd at a concentration O'l-' 0-05% the 
contribution of the solvent was appreci,,!. ble (see 
4 -: iined to be The L-ntrinsic Kerr constant was detei 
4-0 (± 0-5) x 10- 
3 
cm 
4 
gm -1 statvolt. 
2 Decay analysis delded 
a value of the experimental relaxation time at infinite 
dilution of 11t. &sec. Usinr- a value for the viscosity of 
(10) 00 15 c poise at 25 Ca length per residue of 0-44 A was 
determined. This latter value is particularly small and 
little confidence is placeýn its validity, for the following 
reason. During an attempt to determine accurately the 
molecular weight of the 230,000 sample by light scattering 
it was found that metacresol attacks [Allipore type MF 
filters, A solution which fluoresced guite strongly in the 
green was produced. The possibility that the behaviour of 
1 1) 
the contaminant attributed to the low v,, tl-ue for the residu, ýA 
length cannot theref(. ),, -r, be negleQted. 
Measurements B. 
Experimental 
F-3L, 'i. was dissolved in di! 7tilled met%c-ýesol, by 
the s-olutions to 50 0 -, 'olutions in a water bath. , -0 
were not filtered. 
The linear optical -system with w'nite and cell 
th the electrode mounting were now employed. --"-rie 
0 
)laVe used quart T- calibrated at 5461 A. Phase 
-3 n, ' d --', fferences I-,;. s1os6 10 i-Lan-- were obse-. nre-I without 
the need- to allow -for the cell phase jifference, which w-, 7, 
2 ý: 10-3 radi,,; ri--, !, n feýpivalent' wavele-, i--th 0.: 5,000 
Q 
-1 --L 
can be used with 4k. -he li--. itý, tioný: impo., -, ed by the discussion 
in Chapte-- 
D. C. pul: 7es of ýu-, -tion -reý. ter t1tian 5 m-ec were obtained 
7 'ely applied using P. G. 3. Pulses of up to 2 kV could be 3a-f 
. bove 
80o ,r relay bounce di. ---torted the in this manner, but ., - 
decay transients. ,,.. C. pulses were obtained usilig P., 1.1.4 with 
the 'Airmec' amplifier. 
All measurements were made at a room temperature of 
25 1 20 C. 
Results and Discussion 
A Kerr constant of MCD of 1-7 (± 0-1) x 10-6 cm statvolt-2 
was determined, and was equal to that obtained with PICO, 
12U 
similar to the situation encountered with the calibration 
measurements perfori, i, ed on iiitrobenzene this value is smaller 
than the only other reported figure of 2-4 x 10-6 cm 
statvolt-2 
A typical d. c. transient obtained with a solution of 
concentration Oel% is shown in Fig. 3. Up to the maximum 
field strength of 3,500 V/cm, Kerr's law was obeyed within 
experimental error, A spec-1-fic Kerr constant of 
o6*3 (± 0-2) x 10-3 cm 
4 
uý-: n 
-1 statvolt -2 was determined. Because 
O'Konski's method could not be used in this case, a value of 
p 2/2% equal to 1 .. ias determined using the area method of 
Watanabe. 
Decay analysis yielded rela-,:, -. ý, 
tion times consistent to 
", 10 1 2-, 0 
(± 0- 5) ,- -4 sec w'hich were equive-lent to a value of 
D of 8-3 (1 3-0) x 10 
2 
sec and hence a length per residue 
0 
of O. Q- A 
" , I. * 
Correspondinr-, results obt&ined with a solution of 
.0 
concentration 003% were for the speci! -ic Kerr constant 
7-5x 10- 3 cm4 gm- 
I 
statvolt-2, for D 1-4 (± 0-4) ý, - 103sec-1, 
9 
and hence a residual length of 0-8 A. 
A. C. pulses of freoluency from 20 Hz to 20 kHz were 
applied to the 0-3% solution, and typical transients are 
shown in Figs. 4A and @B. It is a significant point that 
little distortion of the optical pulse shape and base line 
occur even with pulses of 001 see duration. The 
dispersion 
of birefringence with freguency is ý, -hown in Graph 4e 
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kn attempt w, --is injuie, to f it the experimentý, l data to the 
theoretical curves of Thurston ancl . `, owlýn,,, - (see Chapter 2), 
but was not successful. The disper. ) sion wa-, sii3htly broader 
than predicted theoretically, and this wriý; attributed again 
to the polydisperse nature of the sample. It was concluded 
however that be,,, ý-ýuse the high frequency contribution of the 
solute is small, P3LA ef..,. ectively has onlIT a permanent 
dipole moment in --cresol. Using the specific Kerr constant 
3cm4 
"'r -1 lt-2 obtained with the 0-i"', solut4Aon (i. e. 6-3 x 10 )I. ri statvo 
a refractive index of 1. -,, and the value of the optical 
anisotropy factor previousl. -, - determined (i. e. 6-7 x 10-4 )l 
the residual diDOle mo. ment was deter. -lined to be 1-7 Debye. 
. A. n estimation o. '., - particle size was also obtained 
from the 
critical fre(luency., fc, as indicated on 11.7raph 4. Thic-ý 
frequency was 7-0 (1 0-5) x 10 
2c 
sec- 
1. The corresponding 
values of D and the resi. -Jual length were 9-4 (± 1-6) x 102 sec-1 
9 
and 0-9 A respectively. 
1 
Final Discussion 
The Iýcj,,,, ýtjon of the experimental data into valueS of 
the dipole moment and length per residue has not yielded 
results in accord with those expected for an cw. helix. It is 
probable that this finding can be directly attributed to the 
distribution of particle size in the sample. The values 
of the molecula-- wei. -'-)t, the diffusion constant, ---ind total 
dipole -noment quoted above are average values. Moreover 
each average does not correspond to the same statistical 
weighting. The :, olecular weight is a viscosity average. 
As recentl,, r shown by Schweitzer and Jennings 
(12) 
the diffusion 
constant of a rii- ,, id rod -..; 
ith a permanent moment along the 
symmetry axis corresponds to aZ+1 and a weight average 
at li-, ýiting low , ý; ri, 
d high electric field strengths respectively. 
(Exactly the- same situation was encountered by ',, iatanabe(: D) 
who aný-, lvsed the decay transient in a completely different v 
manner. ) The author i s, not aware of the appropriate 
average for the dipole moment. Moreover to determine the 
residuaýLues above, different aver: qres have then been 
compared. 
Nonetheless two significantly different values of the 
residual length were determined in the two solvents. The 
00 
values were 1*3 A in chloroform and 0*9 A in m-cresol, 
In view of the above discussion it is not possible 
to conclude 
that PBLA has an at helical structure in either solvent. 
No conclusive evidence has been found here to suggest 
the 
cause of the different values. Flexibility, aggregation and 
Solvation have been considered as follows* 
12 ) 
i'3LA is slightly more flexible in ! a-cresol than it is in 
chloroform, but its helical content at 25 0C is high, and of 
the order of A measure of the effect of this 
, ained from 
the work higher degree of flexibility can be ,r 
of Wataaiabe et al 
(14) 
on the helix to coil transition of 
PBLG. In agreeiient %.., ith that work the value of ]DZO is 
greater in the solvent, giving rise to higher flexibility, 
(1) Zo = 50 in ch-lorof orm, "D Zo = 140 in m-cresol). 
However the magnitude of the variation is consistent with 
having a helical structure in chloroform and a random 
coil structure in m-cresol. This situation can be rejected 
also on the grounds of the small wirlation in intrinsic 
Kerr constant oýjserved. 
Aggregation of P--ýL. " in chloroform has been observed(13) 
but at an unspecified concent--,, ition. The 60% variation in 
for relaxation time over the concentration range observed .L 
the chloroform solutions would not -, enerally be taken as an 
indication of the continued formation of aggregate. -, 
Finally, solvation effects have been tentatively 
suggested(9) to give ri. se to the variation of intrinsic 
viscosity of PB-Lj; % in m-cresol and diý-; hloroethane. It is 
unlikely that such a large variation in 31ZO as observed 
here could be accounted for by such effects. 
It is perhaps interesting to note that many workers(394,5) 
have not attempted to verify that their relaxation data can 
be accounted for with the 'known' properties of the w. heli-., v-.. 
The intrinsic Kerr constant wa3 also smaller for 
m-cresol solutions. That value, on correction to a wavelength 
I- 
I -- -) 
-8 (1 0-2) x 10--"' 
4 -1, -2 of 54-, l was 5 cm .. tatvolt in 
-3,4 -1, -2 comparison to 9-0 (-+ 1-0) x 10 cin gm , tatvolt in 
chloroform. Such a difference need be attributed to no mo,, (-, 
al anisotropy actor with than the variation of the optic, 
solvent i%efractive index. Fle..: ibility and agý-rer-rition need 
not therefore be considered. . 71his conclusion has been dravin 
from the work of Tsvetkov et al(15) on P. -, L. 1 in mcresol and 
dichlorethane (refractive indr- = 1-44) who determined the 
-b as ratio (K) DCE / [K) mc to be as hi j 
. he electrical pronerties of P. ZJL, '.. h--ýve been interpreted 
purely in terms of a per: aanent ; no, -. 1ent o-ientation. (It is 
true taaýt Watanabe's are, --,, method 
did suggest a value of r 
ealual to one,, but thi-. has 7enerally been considered a poor 
method of' determining the value o., L 
(8) however ,'r. ) Yamaoka, 9 
fitted experimental values for the saturation of 
birefringence to the curve 132121( = 1-25 and obt--, ine,, -! a 
value of 1-7 Debye for the residual dipole -., ioment. The present 
author's results coul, i be u-. ed to si--, ulate al:: iost e-:, -, c. tly the 
situation attained by 'Yamaoka, and this is shown as Fit 
on Graph 3. It can be seen tliiat for values of 
Eý 0.1 x 108V2cm-" the experimental data does not fit any 
of the theoretical curves. YaMaO'r-. a suggested that 'U'Iiii 
behaviour might be attributed to three factors; 
1) inadequacy of O'Konskils theory, 2) polydispersity and 
3) molecular conformation changes at high fields. He 
correctly discounted the effects Of solvent birefringence 
but neglected to mention the posAble effects of the optical 
rotation introduced by this helical polypeptide. In this 
work a typical value for the rotation was 1-3 x 10-3 '1 radian,, -. 
for a 0.1,1., solution in k, ell 1, and therefore . -vis probably 
negligible. 
It is the contention of the pi-(-ýsent author that none of 
Yamaoka's su5gestions need to be considered. Yamaokals 
experimental d, -ita can readily be fitted to the theoreticril 
curve ifor a pure permanent iioment, and Fit B of Graph 
si: zulates this situation almost exactly. Above values of 
E equal to 8x 107 71, 
, -'c: ýJ-2 an e..:, -j. ct 'ýit can be made. Below 
this value Yamaoka's experimental data is 5% greater than 
theoretically , -)redicted. : 'lot only has more of the data been 
accura-ýely fit7; ed but the discrepancy at low fields can easily 
to the experd-mental (-ý--:, ors outlined above. This : De ati; ilibuted V 
is sog even though Ya-i. aoka re-, ý-iced the effects of strav 
-: r. ý -: D-ref-ingence by employing the 1ýnear detection syste: -, i. 
, ýith such ý-ý fiL Yamaoka's value of the rfsidual dipole moment 
would have been 1-1 Debye, smaller than his oriý-i-n: al value! 
Concludiný: Re7ý,, j-r: s, 
The residual length of PBLA in mcresol and chloroform 
00 
has been observed to be 0.9 A and A respectively. A 
residual dipole moment of approximately 2.0 Debye was 
determined from the saturation of birefringence. The data 
could not be fitted to the 'known' properties of an helix, 
nor was there a plausible single explanation for the difference 
in residual lengths observed. The errors implicit in 
performing the saturation of birefringence curve fitting 
procedure of O'Konski were outlined and used to justify the 
1 
I 
statement that tlne present i, (, sults and those oiý Yifnaokri are 
best interpreted purelý, in tei-ýTis of a permanent dipole 
orientation mechanis-ýi. 
SuSgestions fo, fu. ý, her studies. 
A stud. -; o-' the helix to coil transition of PBLA in 
mcresol using a. c. fields would be of current interest. The 
dielectric dispe2sion measurements of Wada 
(4) 
and r, *archal(5) 
were in disagree-. ent and t"-. is was att,, -L-buted 
by Marchal to 
- 
ion processes. This explanation could elect-Ode 'ýOia-: 'ýIsat 
reallil, v be tested with '-,. iref----: -ngence measurements 
ecause of the high --elds emplo, -ý, t' d, --, -e relatively unaffected 
by electrode polarisation. 
To eliminate all possible effects ol' polý, dispersit, -, - it is 
necessary either to select-iveli-. y choose a monod. ]Lsperse sample 
or produce one by rather laborious fractionation processes. 
(16) 
1 
') 
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CHAPTER 6 
Birefringence study on a Polymer surfactant 
system 
Introduction 
The polymer, Polyvinylpyrrolidone (hereafter referred to 
as PVP) is an homopolymer of Nvinylpyrrolidone and because of 
TL 
its complexing and detoxifying capabilities is widely used in 
the pharmaceutical industry. Its basic structural properties 
have been widely observed( 
W) but studies relating to its 
electric properties are rare 
(4) 
It is a non-ionic, random 0 
coil polymer having dipoles present in the short side chains. 
The surfactant, sodium dodecyl sulphate (hereafter 
referred to as SDS) is a typical anionic detergentý5) In 
aqueous solution and below the critical micelle concentration 
8-2 mm/litre (1 mm =1 millimole)l it exists in a 
dissociated form consisting of sodium ions Na+ and dodecyl 
sulphate ions CH 3( CH2)11SO4- (abbreviated DS-). Above the c. m. c. 
it forms micelles having a spherical core of DS- ions surrounded 
131 
by an ion atmosphere of Na+ ions. 
It is known that DS- ions complex with PVP to form a 
polyelectrolyte 
ý6, 
j? 
) 
The purpose of the present study was to determine if 
this behaviour could be observed and secondly to investigate 
the dependence of the effect on SDS concentration. 
Apart from electro-optic dichroism measurements made on 
dye complexes 
(8) 
few electro-optic studies have been specifically I 
made on polymer-surfactant systemsP) 
1 ') 
Experimental 
The samples were kindly prepared by Dr. I. D. Robb 
(Unilever Research Laboratories, Port Sunlight) as follows: - 
PVIP of molecular weight 700,000, obtained from B. D. H. Ltd., 
was made up to a 21% aqueous solution and dialysed against 
permanganate distilled water. SDS (B. D. H. Specially Pure grade) 
was added to the PVP stock solution to produce a series of 
samples having a SDS concentration of 0 to 25 mm/l. 
Due to the stability of FVP solutions, measurements were 
made up to a month after preparation. 
Linear detection with a quarter wave plate calibrated 
at 546liwas used with white light but no corrections were 
applied to the observed phase differences (an equivalent 
wavelength of 5,000ican be used with the limitations imposed 
by the discussion in Chapter 3). The photomultiplier load 
resistance was 10 kJI so that phase differences as low as 
1x 10-3 radians and decay times of the order of I p&sec 
could be observed, 
Cell 3 was employed with the Tufnol electrode arrangement, 
with an electrode spacing of 2 mm. D. C. pulses of duration 
005 msec and height 10kV were applied using pulse generator 2. 
A. C. pulses were also applied using the Airmec amplifier and 
relay box a-rrangemento 
All measurements were made at the prevailing room 
temperature of 25 ± 20CO 
Measurements were also made on solutions of SDS itself to 
determine its contribution to the FVP/SDS Kerr constant. 
1.. 7 I 
. _. 
) 
Results 
M alone 
Prior to these measurements, transients obtained using 
commercial grades of PVP without purification (kindly supplied 
by G. A. F. Ltd. Manchester) indicated by their sporadic 
behaviour that the above removal of ionic impurities by 
dialysis was necessary. 
A typical transient obtained using the present sample 
and voltages as high as 2-4 x 10 
4 V/cm is shown in Fig. 1. 
The initial fast rise was due to the solvent and hence set the 
limiting concentration of PýP to 2%. Measurements made on 
water obtained from an Elgestat still yielded an average 
value of the Kerr constant of 2-9 x 10-7 cm statvolt-2 in 
good agreement with the value obtained for true distilled 
waterPO) The solution accurately obeyed Kerr's law up to a 
field strength of 2-4 x 10 
4 V/cm, yielding a value of the Kerr 
constant of 9-6(± 0-12)x 10-7 cm statvo lt-2 . The Kerr constant 
of FVP and the specific Kerr constant were -Uherefore 
6*7ý- 0-1)x 10-7 cm statvo lt-2 and 3"4(± 0.1)x 10-5 cm4 gm 
statvolt-2 respectively. 
SDS alone 
For any one of the representative experimental SDS 
concentrations, Kerr's law was not obeyed. Neither was there 
any systematic variation of the effect with concentration. 
The height of any one transient obtained was at the most 
equivalent to a Kerr constant five times greater than that of 
jso! w)ý, 
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1 :: i 
water. However significant distortion of the applied electric 
field occurred, the form of which depended on the magnitude 
of the field applied and not on the concentration of SDS 
present. 
PVP and SDS 
The behaviour of the electric field showed no marked 
difference from that with SDS alone. See Fig. 2 abc. 
The response of the solutions to the electric field can 
be wim-narised as follows: - three pulses could be rapidly 
applied without untoward distortion of the optical response. 
On the application of many pulses, bubbles formed on the 
electrodes and the solution between the electrodes turned 
yellow due to thermal degradation of the PVP. 
The magnitude of the optical response was, however, much 
greater than that observed previously. 'Measurements were 
made on transients as shown in Fig. 2a and 2b at the 
maximum height of the optical response. The resulting electric 
field dependence obeyed the Kerr law (see Graph 1). the Kerr 
constant obtained depending markedly on the concentration of 
olnS9 W (see Graph 2). 
Further runs showed that the results at any one SDS 
concentration were accurately reproduceableo 
Little variation was observed in the decay characteristics 
of the optical pulse, On FVP alone curvature of the decay 
log plot was obtained (see Graph 3)o 
The useful application of a. c. pulses in the frequency 
range 20 to 2x 103 Hz was impeded by virtue of the low 
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13 
voltages attained across the conducting solutions. A double 
fre%uency component was observed, 
However the optical pulses behaved erratically, a single 
frequency component being observed on one occasion. 
1 :o 
Discussion 
The exeptionally low value of the specific Kerr constant 
and the f ast decay observed f or PVP alone are indicative of 
its flexible structure. The dependence of the viscosity of 
PVP with molecular weight 
(20) 
indicates that it is a non-free 
draining coil. 
The polydispersity of the present sample was unknown, 
In order to determine if Stockmayer and Baur's equation for 
the relaxation time of a non-free draining coil predicted the 
observed long time slope of the decay plot the following 
values were used: M 700,000, (z) 1-7 x 10 
2 
ml/gM ) Z'S 
9x 10- 
poise. The calculated value of 18/A sec was in good agreement 
with the experimental value of 33p4sec. 
The discrepancy may be a result of the inapplicability of 
the theory itself, the sample polydispersity or entanglement 
of the polymer chainss as suggested by the work of Nis . Jima 
and OsterS3) 
For the present work it is sufficient to know that the 
optical effect for SDS alone was always less than2O%of that of 
the FVP/SDS samples of the same SDS concentration. However 
the fact that transients equivalent to an effect five times 
greater than that of water were observedq appears to be more 
indicative of the conductance of the solutions and not of the 
structure of SDSý11) Apart from this, changes in the steady 
light level were presumably due to heating effects in the 
cell . 
The most drastic effect of the SDS was to distort the pulse 
1' 
shape. Tests showed that this was due only to the large 
currents passing through the switching valves of the pulse 
generator and not to any intrinsic property of the conductance 
of the solutions. 
From the change in the value of Vo (see Fig. 4 Chapter 4) 
before and after application of the pulse, it was deduced 
that the resistance of the cell was 75J-L . when containing 
20 mm/1 of SDS. Using the resistivity relationship(12) the 
conductance of the SDS solutions was therefore determined to 
be less than 6x 10 -4 Ohm -1 cm -1 . 
Since one was dealing with highly conducting solutions 
several effects could possibly have occurred: - 
Joule heating can give rise to an increase in temperature 
of the solution. Using typical values obtainable in the 
present work 10 amps at 103 V for 5x 10-4 see, 5 joules of 
energy dissipated in the small volume of liquid between the 
electrodes could have given rise to an increase in temperature 
of 1-5 0 Co 
The movement of charge could be quite substantial(*") 
A free sodium ion, for instanceg can travel a distance of 
6x 10-4 ems. when placed in a field of strength 5x 10 
3 V/cm 
for 5x 10-1+ sec.. The mobility of large ions and charged 
molecules is similar. Heller(13) suggested that the resulting 
electrophoretic orientation would result in the phase difference 
being partially dependent on the first power of the field. 
At field strengths greater than 10 
4 V/cm the Wien effect can 
(12914 
also occur, 
) 
The results here did not require either 
effect to be considered for their interpretatione 
1 
The movement of charge to the electrodes can result in 
electrode polarisation and electrolysis. The formation of a 
layer of charged ions on the electrodes results in a drop in the 
applied voltage across the actual solution. The actual drop 
is however only of the order of a few volts 
ý12 ) 
The removal 
or injection of ions caused by electrolysis would obviously 
result in changes of composition of the solution. In the 
present case, in which steel electrodes were used, it is 
probable that oxygen and hydrogen were f ormed at the electrodes 
whilst sodium ions were not discharged. 
Due to the fact that measurements were repeatable, despite 
the use of different numbers of pulses, and by the fact that 
an E2 relationship was observed, the results of the PVP/SDS 
samples have been interpreted solely in terms of molecular 
orientation in an electric field. 
Th. ree distinct regions of behaviour occurred in the 
PVP/SDS system, this being in agreement with the same(7) and 
similar polymer-surfactant systemsý15916) 
In the range 0 to 2 mm/l of SDS no change was discernible 
in either the Kerr constant or the decay plot. No interaction 
between FVP and SDS apparently occurred in this region* 
. 
From 2 mm/1 to approximately 11 mm/1 of SDS a rapid 
increase in Kerr constant was evidento Intuitive reasoning 
would suggest that the DS- ions attached themselves to the 
uncharged PVP polymer chain to form a polyelectrolyteo 
Flexible polyelectrolytesq as well as rigid polyelectrolytess 
have large Kerr constants 
ý149 17) This is in agreement with 
other studiesý15918 
) The large change which should therefore 
1'3 
have occu. -red in the inducod dipole inoment did not manifest 
itself in Lhe -,, hape of the OPtical transient. The time 
recluired ; 'or saturation o" the trancient was, howevev, smaller 
than that observed for PVP itlont.. 
A-7 far as the aut'LIOI, ý i-) iwrire no theories are at present 
capable of inte-pretinG the Kerr constant of a flexible 
molecule to which bound ions are %tt-iched and around which a 
counterion cloud e.,: ist, -, 
P9) 
It is proL), irle that . -, chan, --e iii the optical anisotropy t, 
f -,, ý 0 o --he chain occurred as well as the induced electric moment 
per unit lenr--, li. Noting that the Kerr constant was a linear 
__) -P 
function of SD, j concentration and that the work of Fishman 
(7) 
suý-, -, este: -, that the upt--'-e of ions also occurs and Eirich A. t r, 
linearly, it would appear that the Kerr constant is linearly 
related to the charýýe held on the chain. 
By vi--tue of the electrostatic repulsion of the attached 
DS ions one would ex. pect the polymer ch-iii to take on an 
extended shape. The increase in intrinsic vi: -, ooý71ty of the 
polymer complex would necessarily le, -id to a lonCer relaxation 
time for rotation of the whole coil in accordance with 
Stockmayer and Baur's equations. Indeed all the relaxation 
times) corresponding to different modes of segmental vibration 
should increase, In consequence the induced biref ringence 
should decay more slowly. In fact, as shovrn in Graph 3, in 
the region under discussion the opposDite behaviour occurred. 
Nonetheless the slope of the decay Plots -it 
long times 
corresponding to whole chain rotation was no different, 
within experimental error, from that of PVP alone., 
I 1 
Above 11 mm/l of SDS a rapid change in slope of Graph 2 
occurred, the Kerr constant even decreased in value. Corres- 
pondingly no marked change in the relaxation curves occurred. 
If one is to identify this region then it must be one in which 
DS7 ions no longer complex with the polymer but cluster 
together to form micelles. 
Jones(15) I investigating the polyethylene oxide - SDS 
system, estimated a similar second transition point as being 
the sum of the critical micelle concentration and the amount 
XneedeA 
of SDS to saturate the polymer chain. He assumed that the 
hydrocarbon tail of the DS7 ions lay f lat along the chain. 
A similar situation had been envisaged by Frank et Al 
(18) 
with 
FVP/dye complexes. Assuming therefore a PVP monomer length 
of 2A0 and a DS- ion length of 16 Aý , 22mm/l of SDS would be 
reVred to saturate the polymer chains in a 2% solution. 
The second transition point should therefore be approximately 
30 mm/litre. One could interpret the experimental result in 
terms of a binding efficiency of only 15%. 
Fishman and Eirich have suggested(? 
) however that the 
critical micelle concentration is a decreasing function of 
PVP concentration. A linear extrapolation of their rather 
meagre results yields a negative e. m. c. for the PVP concentration 
I used here, 
The degree of binding suggested here would appear to be 
rather low. This result possibly indicates that only the 
outer extremities of the compact random coil were capable of 
interacting with the SDý ions. 
1 
As stated little change3 occurred in the relaxation 
times, although at 25 mm/l of SDS the observed curve had 
returned to that of PVP alone. This behaviour and the fall 
off in the Kerr constant might possibly be indicative of a 
supposed(7915) interaction between the SDS micelles and the 
polymer surfactant complex. Conversely the increased number 
of sodium counterions in the vicinity of the charged flexible 
chain might give rise to this effect. 
The f all in Kerr constant could certainly not be explained 
by further binding of single surf actant molecules to the 
complex. 
(21) It is interesting to note that Gravsholt observed 
three transition points in the behaviour of the conductance of 
a PVP/SDS sample. The f irst and third transitions he 
interpreted in the manner of Jones. He did not however suggest 
any mechanism giving rise to the second transition point near V I" 
to 10 mm/1 of SDS. 
16 
Conclusion 
The Kerr effect has clearly defined three regions of 
interaction between SDS and PVP. 
Interpretation of the results could only be attempted 
on a very broad qualitative basis, and was not altogether 
satisfactory. The large variation in Kerr constant showed 
that a polyelectrolyte had formed,, but the second transition 
point indicated a small degree of ion binding. The small 
change in the decay transient to faster relaxation times 
could not be interpreted in terms of expansion of the coil, 
Nonetheless the very rapid assimilation of experimental 
data compared with the equilibrium dialysis measurements of 
former experimenters(? 
) 
and the possibility that much 
knowledge can be gained about the Kerr effect of flexible 
polyelectrolytes in general, indicates that future measure- 
ments are worthwhile. 
Suggestions for future work 
The high conductance of detergent solutions indicates 
that d. c. pulse work is limited to molecules having fast 
relaxation times. In order to determine that ion-cloud 
formation actually takes place, reversing pulses and a. c. 
pulses should be of greater use(8) than d. c. pulsese 
For the present system the variation of the form of Graph 
in particular the Position of the second transition point, 
with the molecular weight and concentration of the polymer, 
is of interest. 
1 
" 
Flow birefringence measurements should also be made to 
determine the dependence of the optical anisotropy of the 
PVP chain on SDS concentration. 
The observation of the behaviour of non-ionic surfac- 
(6) 
tants, using the Kerr effect, would appear to be of little 
use., It is the polyelectrolyte nature of the complex which 
is readily detected. 
Moreover the action of an ionic surfactant on a rigid 
macromolecule could receive better treatment with existing 
Kerr effect theories, 
1 t" 
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CHAPTER 
An electro-optic study on the bacterium Escherichia 
coli. 
Introduction 
Escherichia coli (E. coli) is a typical bacterium whose 
shape and size can be approximately represented by a prolate 
ellipsoid of axial ratio 2 and major dimension 2 /Am 
P) 
The behaviour of living bacteria in electric f ields 
has been widely studied; in concentrated -suspensions pearl 
chain formation can occur 
ý2 ) 
Dielectric dispersion 
measurements have indicated the electrical properties of 
(3916) 
the cell membrane, and high voltages have been used 
to kill bacteria by irreversibly damaging the membrane 
ý4) 
The present birefringence study on E. coli was 
performed to complement the electro-optic light scattering 
study on the same bacterium by Dr. V. Morris of this group. 
However, it will be shown that the only effect of the electric 
field was to change the amount of light transmitted by the 
suspensions of this bacteria, 
An experimental procedure will be given which 
convincingly proved that the changes were a result of the 
manner in which the bacteria scattered light out of the 
forward direction of the beam and not to anisotropic 
absorption of light energy. For the f irst time Rayleigh 
Gans light scattering theory has been used to predict the 
Magnitude of the intensity changese This approach allowed 
"-estimates 
of the size, shape and direction of the electric 
U- U- -0 kv, -', --)aeteria to be made, The conclusions 
are to 
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be compared with those obtained from existing electro-optie 
theories. 
Previous electrO-Optic dichroism measurements performed 
by Tolstoi et A1(6) and seattering measurements of Stoý3. ov(5) 
led to contradictory conclusions. This work for the first 
time vill prove that those results are not a consequence of 
the observation of apparently different optical effects* 
Primarily consider the required equations and theory. 
Theory 
The reduction in intensity of a light beam passing 
thrOugh a OuSPIDI'BiOn Of randOmly orientated particles is 
deseribed by the Beer - Lambert law 
I- 10 10-Al 
where Io is the intensity of the incident beam, 
I in the intensity of the transmitted beam, 
1 the tbickness of the absorbing neaum, 
and A. is the absorbance of the medium. 
When light passes through a solution Of molecules which 
absorb light energy anisotropica. Ily, the value of the 
absorbance depends on the Orientation Of the molecules (and 
therefore the direction of the applied electric field) and 
the plane of vibration of the incident linearly polarised 
light. It has been recently(7) shown that 
ATh 4ý 
A2V A- J&A 
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Arzu A+ AA/4 
ALh ALV ALU A- J&A 
where T (L) indicates the direction of the light path to be 
at 900 (00) relative to the applied field. 
v (h) indicates the plane of vibration of the 
linear3, T polarised light to be at 900 (00) relative 
to the direction of the transverse field. 
u indicates the use of unpolarised light 
and the combination of symbols represents the relevant 
combination of field direction and orientation of the 
polarised light. 
When reduction in trainsaitted intensity results froa 
light scattered out of the forward direction the Beer - 
Laubert law J. 9 oxpressed in the fors 
I- 10 w LP (- Ti ) (3) 
where T in the turbidity of the solution. 
Turbidity in therefore related to values of absorbance by 
the equation 
Tm 2-3 A (4) 
The applicability of Rayleigh-Gans theory in dete=ining the 
light scattered from particles as large an bacteria has 
been discussed by Kochý819) Be has shown that at least 
for randoa4 orientated bacteria use of that theory introduces 
little error into the determination of turbidity. Hence 
Tk (1 + 0082.0 sin4o ýq (5) 
where in the angle between a unit vector a representing 
1 rl)- 
the scattered ray and a unit vector '*s'*o representing the incident 
ray o 
P(e ) is the particle scattering factor. 
k has the value 
(8) 
4113 dn , /dc 
22 
9 no x4 
where 
A' 
g 
N) 
no 
and 
dn 
dc 
is the wavelength of the incident light 
in the medium, 
(6) 
is the anhydrous mass of material in a single 
particle,, 
is the number of particles per unit volume, 
is the refractive index of the suspending medium 
is the specific refraction index increment. 
The variation of T with wavelength is given by the 
equation(lo) 
logN 
where 
3 
= 
los 
- ý log t\ 
4-B 
A 
P(q ) (i + cos2lb ) sinG do 
0 
11 is a function of P(q ) and is therefore dependent on the 
size and shape of the scattering particlee 
(7) 
The variation of T on application of an electric field is 
the result of changes occurring in p(G ). The f orm Of P(e 
) 
for completely orientated and completely random ellipsoids in 
the Rayleigh region has been given by Roess and Shull 
ý11) 
IF" 
Jr 
Consider ellipsoids of principal axes a, b,, b; 
For full orientation 
P(o ýrientated 9( sin k-k cos k 
0 
where K sin 6/2 (sin 
2+p2 
Cos 
2 
The factor 9 is included to normalize P(G ) at 9= 
p, equal to a/b-, is the axial ratio (p <1 oblate p>1 prolate) 
is the angle between the axis, a, of the 
ellipsoid and the scattering vector 'ý - 
%* 
Using simple vector algebra it can readily be shown that is 
a simple function only of 9, when a is parallel to 's**-Oo 
For this case, 
IS( ý-- 90 - 0/2 
For random orientation. 
(10) 
POS ) is determined by integrating over all values of 
P(G ) 
random 
1 1% 9 (sink- kcosk) 
22 
ri sink dý (11) 
471 
so 
0 
The relative change in light intensity when random ellipsoids 
are completely orientated with their axis, a, parallel to 
the direction of the unpolarised light beam is therefore 
max e, 
Tol 
-e ýTR1 (12) 
is e-TR1 
where To is the turbidity of the orientated elliPsoids, 
TR is the turbidity of random ellipsoids, 
is is the steady light intensity reaching 
the detector, 
1j 
and AI max 
is the maximum change in Is as is produced on 
application of an electric field sufficient to 
cause saturation of the effect. 
In essence the form of transient changes in turbidity can be 
determined using existing electric light scattering theories 
for rod shaped molecules 
ý12) 
In particular on removal of the 
field 
* T(t) 
e-61> 
t 
* T(tmo) 
(13) 
The change in turbidity a T(t) iý-, deteýý--: -J----., -C the recorded 
photograpbLic trace using the formula 
& T(t) 1 in ( 
e is 
(14) 
Ex perlmental 
Samples of E. coli- , sealed in capsUes at liquid nitrogen 
temperatures were supplied by the Microbiological Research 
Establishment, Porton Down, and kindly prepared for use by 
Dr. Morris. A capsule was warmed gently to room temperature 
and its contents dispersed in glass distilled water. This 
suspension was then centrifuged at 2,000 g for 20 minutes. The 
supernatant was removed and the sediment resuspended in X, 
dust-free distilled water. This process of centrifugation and 
resuspension was repeated six times. The f inal suspension was 
further diluted and used for measurements within eight hours* 
Electric light scattering measurements were made on 
suspensions of concentration approximately 107 bacteria/ml 
by Dr. Morris. 
ir' '3) 
X" E" ectric biref ringence measurements were made by the 
author on the same suspension using the linear detection 
system. The analyser was offset to 60. cell 3 was employed, 
and white light was used to increase the sensitivity of the 
system. D. C. and A. C. field pulses of magnitude 600 V. rrns. 
and duration 1 see. were applied to the suspensions using the 
Wareham amplifier in series with the relay box which was 
manually switched. The voltage off set device was connected 
between the photomultiplier and oscilloscope to avoid distortion 
of the optical pulse, 
Changes in the light transmitted by the suspensions were 
observed using a typical linear dichroism arrangement. The 
author's optical apparatus was used with the quarter wave- 
plate and analyser removed. A cell constructed by Dr. Bailey, 
formerly of this group, was used for transverse and longitudinal 
field measurements(13) (see equation 2). 
On the basis of preliminary experiments a wavelength of 
49400 Ao and suspension concentration of approximately 
108 bacteria/ml were chosen to give relatively large changes 
in light intensity with little noise. 
The absorption spectrum of this suspension was obtained 
in the region 2,000 to ssooA using a Perkin - Elmer 402 
ultra-violet spectrophotometero 
All electric field measurements were made at a room 
temperature of 25 1 20 C. 
15'1 / 
Results and Discussion 
Birefringence Transients were not observed. Phase differences, 
if produced, were therefore less than 10-4 radians per cm. of 
suspension. Transient light scattering measurements had 
already shown that the bacteria were fully orientated at fields 
of 200 V/cm., suggesting that the bacteria as a whole are 
optically isotropic. Optically anisotropic components present 
in the cell have therefore a symmetric distribution in the 
cell membrane and are randomly orientated in the fluid body 
of the cell. 
At concentrations greater than 107 bacteria/ml it was 
evident that absorption changes accounted for the observed 
transients, although calculations were not performed to 
determine if birefringence was also present. 
Electric Dichroism measurements. 
The application of A. C. pulses produced typical electro- 
optic transients (see Fig. 1a c). However the action of 
d. c. pulses was often to produce consistent but erratic 
behaviour (see Fig. 1 d). Repeated observations showed that 
this was a function of the particular suspension and more 
evidently the type of electrodes employed. For this reason 
longitudinal measurementso producing normal transientsq 
(see 
Fig. I b) were preferred for observation of the field 
dependence (see Graph 1) and frequency dependence 
(see Graph 2) 
of the transmitted light intensityo 
In order to determine the nature of the absorption changes, 
I 
transverse and longitudinal measurements were performedo 
I1- 
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TABLE 1. EXPERIMENTALLY OBSERVED CHANGES 
'&, max 
/I 
s 
Corresponding changes 
C 1 kHz D. C. in absorbance cm-1. 
Th +0-55 +0-56 -0-11) -0-19 +&A 
Tv +0", -)5 +0-53 -0-22 -0-18 A/2 
TU +0-60 +0-54 -0-20 -0-19 +& A/4 
Lh -0-73 -0" ý-)9 +0-57 +0-51 -& A/2 
Lv -0-77 -0-62 +0- C4 +0-42 
Lu -0-75 
I 
-0.66 
I 
+0-00 
I 
+0-47 
A= 0- 52 cm-1 E (, = 
270 Y/c m random R. M.,, )e 
Colimn 6 indicates changes predicted by equation 2. 
TABLE 2. THEORETICALLY DERIVED CHANGE, ': ': ) 
a pa& b »n% k Qrxlo 
2 QO XIO 
2 Imax/Is 
10 0 0- 5 40 d> 9 2- 92 4- 51 -0-73 
1 33 0- , 365 71-5 1- 67 2- -ý 5 -0-75 
1- 67 0" 835 112 1- 07 10 71 -0-76 
2. 0 1- 0 160 0- 747 1- 21 -0-77 
1- 33 09 5 51-3 2- 33 4- 31 -0-87 
1- 67 0- 5 62-0 1- 93 4- 08 -0-93 
2o 00 
a 
09 5 72-3 1- 65 3- 88 -0.96 
Arandom w 0-52 cm -1 
nw 1-33 1= 2-0 ems. 
44 txm- 
case a parallel to light beam 
i 161 
Table 1 silinmarises the values of & Im&x#lIs obtained for d. c. 
and a. c. field pulses. It is evident that equation 2 does 
not predict the changes observed. Indeed the spectrophotometer 
plot (Graph 3) indicates only one marked absorption band 
at 2,100 Ao, well away from the wavelength 4,400 A0 used in 
this study. Both results suggest that light scattering is the 
principal cause of beam attenuation at 4,, 400 A0 
To examine the possibility of Rayleigh Gans theory 
predicting the magnitude of the observations two sets of 
calculations were performed: - 
To determine the variation of absorbance with wavelength 
using eq . Luation a computer program was written 
to 
evaluate the integral 
R 
P(O ) (1 + Cos 
29 ) sin 6 de for 0 random 
various wavelengths. The results for an ellipsoid of semi-axes 
i^m 0- 5 rAm 0- 5 fAm are plotted on Graph 4. The slope of 
the straight line passing through these *points equalled 
1-95 1 0-03. The theoretical value of d log A/d log 
was therefore -2-05 t -03. The experimental values of A and 
X obtained from the spectrophotometer plot , also shown on 
Graph 4. f itted a straight line relationship in the wavelength 
range 3,000 to 8,000 Ao such that d log A/d logX equalled 
- 1o7 1 0-1. Further calculations for the prolate ellipsoids 
used in the construction of Table 2 could not account for the 
discrepancy, Indeed the value of: B is very insensitive to 
Cluite large variations in particle size and shape and can never 
be greater than 2-Oo 
Other experimental 
and -1 - 51 by Fikman 
ý 14) 
(8) 
values reported are -2-28 by Koch,, 
Koch attributes his high value to 
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the fact that no allowance has been made f or the variation of 
dn/dc with wavelength in equation (7). Fikman states that 
Rayleigh-Gans theory is not applicable. 
The value stated here is in error due to the ability of 
the photomultiplier of the spectrophotometer to detect light 
scattered by as much as 50 from the main beam. Graph 5 
illustrates that a large proportion of the scattered ligbt is 
detected. Computer calculations have shown that the revised 
theoretical plot of log Qv log X can be fitted using a 
straight line of slope 203 ± 0-1 in the wavelength range 
0 
4,000 to 8,000 A The theoretical prediction of the observed 
value of 
d log is therefore -1-7 -+ 
0-1 in agreement with d log 
the author's experimental value. Therefore had the photo- 
multiplier not accepted scattered light a value of -2-05 would 
have been obtained. 
The remaining discrepancy between this result and those of 
Koch and Fikman cannot be accounted f or without detailed 
knowledge of the equipment and suspensions employed by them. 
The present result, however, indicates that Rayleigh-Gans 
theory is applicable to the concentrations employed in this 
work and highlights the necessity to restrict the angular size 
of the light detector. 
Further calculations were carried out to determine if 
2guation C12) could Predict the obs?, rved ch . L-inteLlaitZ 
* or L,,, cases (see Table 1). In order to 
determine the magnitucle of the change it was necessarY to 
evaluate the constant k. Through lack of accurate knowledge 
of dn/ de 9 it and )) . equation 
(6) could not be used. k was 
16 ýý 
evaluated using the value of the absorbance as measured using 
the electro-optic system. Here a collimating slit and the 
position of the photomultiplier were such that light scattered 
through angles more than 10 was not detected. The value of 
0 
absorbance measured was 0-52 cm. at 4,400 A. The flow 
diagram F1 illustrates the method of determining 
('6 ImaxlIdtheoretical in a program written by the author, the 
results of which are given in Table 2. The agreement in the 
sign of (A Imax/I s) theoretical with 
that of lf-'ý, Imax/js for 
the experimental case Lu shows that the major axis, a, of the 
bacteria is aligned along the direction of the light beam and 
hence the applied electric field. For the case of a. c. pulses 
of frequency 1 kHz only the induced moment operates to 
orientate the bacteria. It is therefore possible to say that 
the induced moment is along the direction of the major axis 
of the bacteria. A comparison of the magnitude of these two 
quantities allows an estimate of the theoretical dimensions W- 
to be made, 
a 1-33 ýkm 
bc 0-67 iuLm 
However, the 5% error possible in the experimental value 
indicates that whereas the shape of the bacteria can be 
ascertained with accuracy the actual dimensions quoted 
here 
cannot, Nonetheless the values stated above are in agreement 
with the 'known' estimates and the values obtained 
from the 
decay analysis presented later. There is little 
doubt 
therefore that Rayleigh-Gans theory accounts for the observed 
changes despite the lack of simple equations to 
determine the 
16/1 
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remaining transverse and longitudinal cases. 
Further evidence not only confirming the direction of 
the induced moment but also predicting the direction of the 
permanent moment can be gained from the frequency dispersiong 
Graph 2. A comparison of the shape of the dispersion with 
that predicted by electric scattering theory for long rods 
yields the following information: 
(1) The induced moment is again predicted to be predominantly 
along the long axis, i. e. oc 1> O<. 2. and 
The permanent moment is predominantly in a direction 
perpendicular to the long axis, i. e. M, 2 *-ý' tvý' 1" 
The dichroism work of Tolstoi 
(6) 
suggests that a 
fundamental property of colloid particles (including bacteria) 
in an aqueOU8 medium is that their permanent dipole moment is 
along the major axis. For E. coli the magnitude of the 
permanent moment is also much larger than the induced moment 
which also lies along the major axis. Despite the shortcomings 
of Tolstoils treatment of the intensity changes there is little 
doubt that his interpretation of the electric moments of his 
particular suspensions was correcto 
To check that the form of the dispersion observed here 
was not representative of the conditions )1A. 1 ý" /-A, 21 
01% 2> "4 1 and ýk 1> 01- 2E calculations 
were made to 
show that the sign of & I/Is for the case Lu could not 
be 
predicted for bacteria with such properties. For a fully 
orientating high frequency a. c. field 04.2 would be along 
the direction of the field, and the major axis of the ellipsoids 
16) 
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1 'U 
could take any orientation in a plane perpendicular to the 
light beam (see Fig. 2). To simulate this distribution 
calculations were performed using the equations given, but 
for the case of an oblate ellipsoid with its odd axis 
parallel to the field. Table 3 indicates that, no matter 
what the form of the oblate ellipsoid, a pcLsitive change in 
intensity should be observed. TbLis is not in accordance with 
the experimental result, 
Confirmation of the predicted size and shape was obtained 
from the decay analysis. A series of transients for transverse 
and longitudinal a. c. f ields showed that the time taken f or 
the effect to fall to the 
1/e 
point was reproduceable to 
0-9 ± 0-4 secs (see Graph 6). The relaxation time of the 
transverse measurements appeared to be slightly greater than 
that of the longitudinal measurements, whereas the longitudinal 
decay plots appeared to be more curved. Normal transients 
observed with d. c. pulse fields yielded plots lying in the 
limits shown. When curvature of such plots existed this was 
ascribed to the polydisperse nature of the sample. 
It might be thought that two diffusion constants are 
necessary to describe the transient decayq corresponding to 
motion of the ellipsoids about the transverse and symmetry 
axes. Birefringence transients do not manifest the latter 
type of motion. Ridgeway(17) attributed this behaviour 
to the 
invariance of the physical phenomena on orientation of 
the 
ellipsoid about the symmetry axis. Provided therefore 
that 
-scattering matter is distributed symmetrically 
about the long 
1/1 
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axis of the ellipse, the decay of turbidity will also be 
dependent only on the former type of motion. 
Assuming a value of 2 for the axial ratio, the use of 
Perrin's eQuation (see Ch. 29 equ. 12) produced the following 
values: - 
0-2)IAK c= 0-65(± 0-1) jAvý% 
in excellent agreement with those previously obtained. 
The results of Dr. Morris on the same bacterial 
suspensions, but of lower concentration, can be seen in 
Table 4. 
Conclusions, including suggestions for further study. 
At a concentration of 107 bacteria/ml birefringence 
transients were not observable, i. e. An<1 -9. However, 
Bateman(15) has suggested that in some circumstances 
redistribution of refracting material may result in bacteria 
becoming birefringent. An electro-optic study might be 
useful in observing this phenomena. 
At higher concentrations the observed dichroism changes 
could not be described by equations related to the absorption 
of light energy. Rayleigh Gans theory however predicted: - 
1) The dependence of the absorbance on wavelength without 
the need for the additional considerations suggested by 
Koch* 
That the bacteria align themselves parallel to a fully 
orientating a. c. field. 
That the magnitude of the intens ity changes were consistent 
1 -1, /It 
with bacteria of the shape of a prolate ellipsoid with 
semi-axes of length 1033ýtm and 0-67ýkm. 
The latter values were confirmed by analysis of the 
decay transients. In addition it would seem reasonable to 
suggest that the two sets of experimental obse-rvations could 
be used to determine unequivocally both the shape and size of 
bacteria. It should be remembered however that real bacteria 
are neither exact ellipsoids nor monodisperse. 
The direction of the induced moment was confirmed using 
an electro--optic light scattering theory developed f or long 
thin rods. The direction of the permanent moment was predicted, 
using this theory, to be predominantly along the transverse 
axis. Estimation of the magnitude of the dipole moments 
should also be attempted in further work. 
The experimental method is a substantial improvement 
over that employed by Tolstoi 
ý6) 
A polariser is not required 
and, if the photomultiplier aperture is reduced, a normal 
commercial spectrophotometer(13) could be used to record 
directly changes in terms of turbidity values. 
Moreover electro-optic dichroism and scattering measure- 
ments on the same bacteria have yielded results consistent 
with those of Sto 3 jov(5) and in disagreement with those of 
Tolstoi ý6) 
1 -1 1- 
/J 
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C -I oncluding Remarks 
Transient electric birefringence measurements have been 
made using ooth the linear and Ouadrttic optical systems. 
A detailed account of the author's eauipment and its align- 
ment was given in Chapters 4 and 3 respectively. It was 
suggested tb, -i -k. with thif7 equip, %ent the linear detection 
t, hereby mini. system be used,, --iising the effects of stray 
biref ringence and variations in the light source output. 
The equipment was most accurately employed in the observation 
of n, -Iaý-se differences from Ix 10-3 to 2 radians. The 
performance of both quadratic and linear optical systems was 
tested by -Uhe standard use of nitrobenzene. The values of 
the Kerr constant differed with each other by approximately 
15% and were on ave. L--.. -; e 30% smaller than the generally 
accepted va-lue. 2he latter result was attributed to the 
purity of the nitrobenzene; a factor commented on by previous 
workers. 
A new rapid method of data handling and analysis has 
been developed and found to function satisfactorily. It 
consisted of a transient recorder interfaced to a tape punch 
with computer processing of the recorded transients. 
A 
useful development of this equipment might be to directly 
link the transient recorder to a computer and provide a 
teletype link so that the experimenter could also simultaneously 
input information. However the additional expense of such a 
1 
1! 
system would be relatively enormous. Moreover the present 
system and program at-e sufficiently complex to remove the 
drudgery out of data analysis and only the interpretation 
of the experimental results remains. Future development of 
the equipment as suggested would therefore be an unnecessary 
extravagance compared with the miniin,, il gains. 
Three macromolecular systems were studied by the 
author. 
In Chapter 5 both a. c. and d. c. voltage pulses were 
applied to a polypeptide, Poly -, S - benzyl -1- aspartate 
.1 
in chloroform and -%etacresol. The saturation of birefringence 
in d. c. fields was used to determine the electrical properties 
A 
Z_ of -Q.:. L . in chloroform. It was sho,.. rn that errors in estimating 
the limiting value required f or that procedure can lead to 
I substantially different interpretations of the electrical 
properties. It was concluded that Yamaoka's measurements 
and the present results could best be treated in terms of 
a permanent dipole orientation. 
The values of the re7idual moment and length were not 
in agreement with values ex-pected f or an cK helix. It was 
suggested that the error lay in the polydisperse nature of 
the sample. A number of optimistic attempts by electro- 
optics workers have been made to use the decay characteristics 
to determine the distribution of particle size in a poly- 
disperse sample. It is the view of the author 
that electro- 
optic methods as used here will never succee4i 
in this aim. 
To interpret results in terms of residual values 
it is 
necessary to use monodisperse samples* 
The more complex 
k) 17) 
problems of polydispe. L,, -ity are besý- treated using other 
methods (see reference 16 of Chapter 
An interesting application of the Kerr effect to a highly 
conducting syste. li was made in a study of an anionic 
surfactant, sodiu,., dodecyl sulphite, on a flexible polymerl 
poly-,; -inylpyrro lid one. This is the first report, to the 
author's knowledge, of electro-optic measurements on such 
a system. A , -)articularly marked variation in Kerr constant 
was observed. It clearly showed three regions of behaviour 
si--iilar to those observed using other tecimiques. However 
no such changes were observed in the decay characteristics, 
Ot-her --ethods have sum-ested that the polymer chain expands CD. -; 
on adsorbi. -,, - Iodecyl sulphate ions; it would appear therefore 
that the deca, -, - of birefringence was here dependent on the 
motion of short individual chý, --iin 
lengths and not on the 
chain as a whole. iiii-Ilortunately no more than empirical 
observations could be made, and this has practically always 
been ý; he situation when flexible macromolecules have been 
studied with the Kerr effect. It i-, unli, ý, -. ely that meaningful 
(juantita-z; ive . -aeasurements can 
be iiiade on such a system 
without considerable effort4p L rigi, l macromolecule should 
therefore be chosen for future surfactant work. Moreover, 
pulse fields were employed to minimise the effects of 
joule 
beatingg electrolysis and electrophoresis. 
When conducting 
systems are studied the problem of determining 
the internal 
field strngth acting on the individual molecules 
also arises. 
Much work needs to be done before these problems 
will be 
f ully appreciated. 
1') 
Another novel aspecL of thi.,; work was the realisation 
that changes in turbidity ,, (, counted for the observed electro- 
optic effects with suspensions of the bacteria E. coli. 
Existing electro-optic theories and Rayleigh-Gans light 
,- theory were both scatteriný, -3uccessfully employed to give 
the correct ,.,, ize and shape of the b; icteria. Unlike the 
measurements of 
S O, T 
ae previous workers it was shown that the 
results were in accord with electro-optic light scattering 
measurements. 
In conclusion electro-optic methods, especially transient 
electric birefringence, have been used with varying degrees 
of success in the study of many macromolecular systems. 
-3ut. although the subject 
has been in existence for a century, 
much work has still to be done if it i-. to be universally 
employed. In --j, -;! 'ticular, methods of 
dealing with poly- 
dispersity, flexibility 1,,, nd conductinE7 solutions need 
to 
be revised if they are to be relevant to the sophisticated 
problems of current interest. 
It is the hope of the author that this thesis has made 
a worthwhile contribution to the realms of macromolecular 
science, through the development of this physical method. 
1 
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APPiwatus end devices 
Transient recorder display for electro-optical, 
studies of macromolecules 
P. J. Rudd and B. R. Jennings 
Physics Department, Brunei University. Uxbridge, Middlesex 
The recent interest in macromolecules in solution has resulted 
in the development of many optical techniques. In particular, 
light scattering (Stoylov, 1971; Jennings, 1972), optical rotation 
(Tinoco and Hammerle, 1956; Jennings and Baily, 1970), 
bireffingence (Yoshioka and Watanabe, 1969; O'Konski, 1969) 
and dichr ism (Yoshioka and Watanabe, 1969) have all been the 
basis of 
Z'vel 
electro-OPtical experiments. The electro-optic 
method is fundamentally an observation of the change in an 
optical property of a solution which accompanies the orientation 
of the solute macromolecules when subjected to an electric field. 
It is advantageous to apply the field as a single-shot pulse. 
Ege ctrophoretic effects are then reduced, the method can be made 
very rapid and particle relaxation effects can be observed. 
With pulsed fields the optical properties of the solution change 
in a transient manner which approximates to an exponential rise 
to a steady state condition, followed by an exponential decay as 
the solute particles revert to a random array after the termination 
of the field. The maximum amplitude Of the transient is related 
to the optical and electrical properties of the solute while the 
decay generally follows the equation (Benoit,, 1951) 
Z(t) ý Z(o) exp (-6Dt) ................ (1) 
for a rigid, monodisperse solute. Here Z represents the amplitude 
of the optical property under study and t the time measured from 
the instant of termination of the electric pulse when the optical 
effect has value Z(o). The rotary diffusion constant D is con- 
venientlY obtained from the co-ordinates of the transient decay 
by evaluating the slope of a plot of log Z(t) /Z(O) vs. t. If the 
solute is polydisperse the most reliable procedure is to analyse 
the initial slope of such a plot. For extended particles, of length 1, 
D is a function (Perrin, 1934) of 0-3) and hence is useful for 
particle size determination. 
Generally an optical apparatus is used which manifests the 
transient change in the optical property as a transient fluctuation 
of the light intensity reaching a photomultiplier detector. Typical 
of this procedure is the electric birefringence arrangement, 
described elsewhere, (Yoshioka and Watanabe, 1969; Jerrard 
et al, 1969; O'Konski, 1969). With no applied field the crossed 
analyzer and polarizer allow only stray light to reach the detector. 
in the electric field particle alignment results in a bireffingent 
solution. This changes the linearly polarized to elliptically 
polarized light, whence light penetrates the analyzer. The output 
signal AV from the photodetector is then proportional to the 
square (Jerrard et al, 1969) of the bireffingence (An). The rapid 
detector response is displayed on an oscilloscope and photo- 
graphed. 
Analysig of such photographs has normally consisted of ýro- 
jecting the negative onto a large grid and reading off the co- 
ordinates. These are then manipulated into the log plot 
(O'Konski, 1969), and D obtained with some 2 per cant precision. 
The method is so laborious and slow that both optical scanning 
(Busch et al, 1972) and electronic simulation (Itzhaki, 1966; 
Brown and Jennings, 1970) methods have been developed. 
Both extensions provide a much quicker analysis of the data but 
still require the obtaining and handling of a photographic 
negative. 
The recent commercial availability of transient recorders has 
enabled us to build a system for direct analysis of the optical 
transient, which obviates the photographic 1process. The digital 
output from the recorder can be fed indirectly to a computer for 
complete processing. 
The present note gives details of the system, demonstrates its 
suitability for current macromolecular studies and indicates 
future improvements. 
Apparatus and procedure 
The prerequisites of the complete data handling system Were that 
both the recording procedure and the'analysis of the recorded 
data be rapid. These requirements enable the experimenter to 
follow the experiment and hence to manoeuvre the conditions 
during the course of the study. In addition to experimental 
rapidity, one needs to determine accurately the applied field 
strength and a time origin of the decay process. It 14'also desir- 
able that the applied field and the optical response be recorded 
and displayed simultaneously. 
The transient display has been established around a low cost 
Biomation model 610B transient reýorder. Figure I is a schematic 
diagram of the display used in conjunction with an electric 
birefringence apparatus. It is emphasized that the display is 
equally suitable for other transient effects from macroMOlecular 
solutions. I 
A transient recorder is capable of converting the transient 
electric input signal directly from the photomultiplier into a series 
of digital numbers by a high speed analogue-to-digital converter. 
This sequence'of numbers is stored in a constantly circulating 
memory and can be fed out for processing. Alternatively it can be reconverted to analogue form and passed to a continuous display (such as an oscilloscope or pen recorder) should a 
Permanent visual record be required. For electro-optic experi- 
ments One needs an external signal to trigger the recorder. This is 
obtained from the generator of the electric pulse. The recorder is 
used in a pretrigger mode, in which recording commences Wore 
the Pulse is applied. The model 610 can swnple at 128 points, in 
the whole, or a selected portion of, the transient optical response 
Provided the PhOtOmultiplier output is less than 50 V amplitude 
and the observed duration is 100 'ps or more. Each sample-is 
stored in the form of a six-bit binary word with an accuracyof 
plus or minus one binary bit. 
The 128 word output is forwarded via an interface (Figure 2), 
kindly developed by Applied Research Laboratories of Luton, 
to a Facit type 4070 tape punch. This outputs with tape having 
an eight track ISO standard punch hole configuration. The first 
six tracks contain the transient recorder read out. The other two 
are punched manually and have been adapted to allow rejection! 
Diagrarn of the data lojWng systern. Inputs A, B and C, represent 
the optical response from the photomultiplier, attenuated sample 
of the applied, field and a trigger pulse from the Vnerator respectively. 
11w symbols represent the followins: TR - transient recorder, IN - interface, TP - tape punch and CRO - oscilloscope. 
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Figure 2. Circuit diagram for the interface. Alphabetical connections 
are to the recorder using the same plug symbols as the recorder 
nlanufacturer. The twelve interface output connections are on the 
right of the diagram. See text for details of the electronic 
ccýrnponents. Terminal connections are indicated by d (data), 
c (clock), cl (clear), p (preset), Q and ý5. 
of the digital information on completion of an experiment. The 
interface is compact and all of its components are standard 
packages. The hexagonal inverters are in a single SN 7405 N' 
unit and two SN 7400 D units contain the eight 'nand' gates. 
Both edge triggered flip-flops are found in a single SN 7474 unit. 
All units are standard from Texas Instruments. The 6 and zero 
volt supplies for these units are obtained from pins K2A/21 
and /22 respectively. All the pull-up resistors are high stability 
of value 3.3 W. Operation of switch S renders the tape punch 
inoperative. For the sake of simplicity the additional circuitry, 
which allows track 7 to be punched manually, has not been shown 
in Figure 2. 
A disadvantage of the model 610 recorder is that it can only 
accept a single channel or signal. To record both the optical 
transient and the applied field one must apply the field twice to 
the solution and measure the optical response and the field 
consecutively. A data tape is output, which depicts these two 
responses. Details of the experimental and recorder settings are 
available on a'series of punch computer cards. 
Tape and cards are fed directly to -an ICL 1906 computer, 
together with a suitable Algol program. The compatibility of 
8 
Jhole 
tape with the computer input capabilities should be care- 
fully considered. Magnetic tape could be used as an alternative. 
The complete computer analysis first compares the applied pulse 
and the optical transient to evaluate the beginning of the transient 
decay. The amplitude at this point corresponds to the steady state 
value of the optical response (in this case, ' related to the optical bireffingence Ln). Correction is then made for solvent and stray 
birefringence contributions, determined in a previous experiment 
on the solvent alone. Each point on the decay curve is then 
converted into a birefringence value and curve fitted by a standard 
inatrix method to give the initial slope (and hence D) for the 
decay Process. Tables and graphs of Ln, the initial slope (S) 
and, the square of the field strength (E2) form the final O? AtpUt. 
Performance 
The system admirably meets the requirements for speed of 
manipulation and analysis. It eliminates the necessity for photo- 
graphing the transients and yet allows one to do so, after a visual 
inspection of the transient, should an analogue record beie- 
quired. 
The limitations on the molecular diffusion constants that can 
be measured and the precision in the molecular Parameters- 
evaluated, are a direct reflection of the transient recorder 
characteristics. Firstly the resolution of the record to plus or 
minus one binary bit corresponds to a3 per cent uncextainty in 
recorded amplitudcs of E2 if the full six bit word capacity is 
employed. Secondly there is uncertainty in the time.. ortgin of 
plus or minus one in the 128 samples of the sweep. This 
* 
is import- 
ant in the location of the start of the decay process, and is the 
rýason why the, applied pulse is required as a fiducial. event. It 
gives an approximate decay time origin. The computer pro- 
gramme has been designed to search around this value for the 
position of sudden amplitude change in the transient response 
The final error in the initial slope depends upon the trace noise 
and the decay rate relative to the sample, interval., The third 
limitation of this particular recorder is the restriction to a single 
channel. Whereas it isunlikelythatthepulsegenemtorcharacterist- 
ics change between the two pulses, uncertainty would be efimin- 
ated if a two channel transient recorder could be used. 'Such a 
recorder has recently come on to the market (Table 11). An appraisal of the system was made through two experiments. 130th involved the recording and analysis of bireftingence 
transients using (a) the transient recorder and computation and (b) the conventional procedure of photographing the oscilloscope 
tram and analyzing it by Projecting the negative onto a grid, The first experiment was on liquid nitrobenzene at a wavelength of 546 MY) with Pulsed fields up to 13 kV cm-2 and a duration of 2 
ms. Laboratory grade nitrobenzene was used. The bireffingence 
corresponds to a very clean, noiwfree trace. Typical responses 
are shown in Figure 3 and comparative results are given in Table I for the steady-state amplitudes of the transients, deter- mined using both the rapid recorder and the tedious C. R. O. 
Table I 
Comparison of the transient recorded data with the 
and mamid anaysis. 
birefrLvence (An x 107) Es (Wan-2 x 10-7) pw cent 
CRO Tit CRO T)t 
3.58 3.46 1.89 
[ 
9 1.88 2 
6.75 6.51 3.73 3.90 8 
9.64 10.04 5.06 4.99 51 
13.71 17.85 7.6 5 7. Sl 3 
30.45 30.28 18.00 17.80 1 
(Ln) - An 
E2 oto 
( 
El 
)- 
8 represents the discrepancy 
ý'n )MO 
Table 11 
Contntercial transient recorders, known to the authops. 
Type inputs A DC bits Samples per 
sweep 
Pretrwer 
jampjkW thho 
B610 1 6 128 ý 100 P-55 
B610B 1 6 256 200 ps--10s 
2802 1 8 1024 11000 P-205 
DL905 I a 1024 200 PS-108 
B8100 sn& 8 2M4 20 pi--20,000i 2ý dual 1012 per channel 2Wjz-ý. 006B 
B and DL refer to Bionution, and Data Laboratoft MPW#vc]Y, 
while ADC is the analogue to digital converda, 
interface board 
El 
C 
FjgUm 3. Transient responses with little noise. 
A; ILising oscilloscope with no recorder, 
la; ()scilloscope display of analogue output from recorder, 
C; as B, but for a recorded'sweep of the decay alone. 
snd projection methods. The amplitude data have been trans- 
posed directly into Ln, the apparent birefringence (Jerrard et at, 
1%9). The average discrepancy in 8 (see Table I for definition) 
was 3 per cent. The small liquid molecules relax too rapidly for 
D to be determined. The finite decay rate evident in Figure 3 was 
due to the photomultiplier time constant. It can easily be adjusted 
to the high value here by changing the photomultiplier loadmg. 
The transient recorder and the laborious log plot procedures in- 
dicated values of the time constant within 6 per cent of each 
other. This would correspond to a discrepancy in molecular 
dimensions of less than 2 per cent. 
The second experiment was on aI per cent solution of the 
polypeptide polybenzyl-L-glutamate (PBLG) in ethylene & 
cWoride (EDC). This system is typical of that studied by transient 
clectro-optics. The molecule is a somewhat stiff helix in this 
solvent and the trace is more noisy that that of Figure 3. Fields of 
0.2 ms duration and up to 17 kVcm-1 amplitude were applied. 
Such fields exceeded the region of Kerr's law (where An is 
proportional to ER). With this more noisy system the two pro- 
cedures for detection and analysis differed by an average of 5 per 
cent in 8. The initial slopes, and hence D, agreed within 7 per 
cent. As the log plot ordinate (Z(t)/Z(o) ) descreased below a 
4decade, the discrepancy widened, owing to the inability of the 
recorder to resolve accurately the base line of the transient. 
However it is the initial slope that gives the reliable and most 
useful data (Schweitzer and Jennings, 1972).. 
Conclusions 
Vats logging equipment in the form of a transient recorder, interface and tape punch can be incorpomted easily into any for tiansient electro-optic experiments on macro- 
solutions. Using the low-cost Biomation 610 
UwWent recorder, transients of greater than 100 ps could be 
, Wdled. with little loss in precision, Om the conventiorga, 
laborious method of photographic analysis. The above. rnentiýned 
time limit suggests that molecules with approximate aftnenijons 
of 100 mn and above may be studied. Even without fun'on-line 
computer facilities, the very comprehensive analysis of the! 
transients was undertaken in a time unequalled by conventional 
methods. Such a facility should prove invaluable in +--Amg, 
the transient electro-optic methods beyond the realm of static 
molecular characteximion. One should be able to follow the 
time dependent changes in molecular dimensions and properties 
which accompany conformation changes. 
The performance of the analytical system should improve 
with the development of faster. and more versatile tran*ient 
recorders with dual channel input. It should be noted howmer 
that dual channel operation lengthens the minimum sweep time, 
as with the recently introduced Biornation model 8100 recorder. 
In dual mode operation transients of 200 ps can be handled. this is slower than the model used here. In single mode operation 
the model 8100 has a sweep time of 20 jAs which is much faster' 
than that used in this study. Such speeds would enable rigid 
macromolecules of some 10 run size to be studied. 
Table H lists the. instruments known to the authors which are 
currently available commercially. 
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Appendix 2. 
FQJUýtity I 
One c. g. c. unit 
-I 
S. I. equivalent 
E statvolt cm-1 3- 00 x 10 
2 VM-1 
B cm statvol t-2 1_ 11 x 10-7 MV-2 
K cm 
4 
statvolt-2 gm -1 1- 11 x 10-10 Kgm m4V-2 
91 92 dimensionless 1 
2 C 
11) 1- 11 x 10-16 Fm2 
debye = 10-18 esu 3- 34 x 10-30 C m2 
viscosity poise =I gm CM -1 sec -1 1 poise 
wavelength 
0 A 0* 
I 
1nm 
j 
to 3.1. conversion table. 
